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SUPERCRITICAL FLUIDS: MEASUREMENT AND CORRELATION 
STUDIES OF MODEL COAL COMPOUND SOLUBILITY AND THE 
MODELING OF SOLID-LIQUID-FLUID EQUILIBRIA 
Barry Samuel Hess, Ph.D. 
Department of Chemical Engineering 
University of Illinois at Urbana-Champaign, 1987 
The solubilities of a number of model coal compounds have 
been measured in supercritical carbon dioxide, butane, ammonia, 
and ethanol utilizing dynamic flow apparatuses. The data base of 
supercritical solubilities has been extended to include solvents 
with higher critical temperatures than previously investigated. 
Studies have been made to determine the feasibility of using pure 
supercritical fluids to effect separations, but do not seem to 
indicate that this is possible. 
It has been shown that if an equation of state is used to 
correlate supercritical solubility data, then equations with the 
same number of adjustable parameters, regardless of their 
derivation, perform equally well in their representation of the 
data. The different equations, however, exhibit slight 
disparities in their qualitative representations of the 
correlation but the numerical results are quite similar. 
Another part of this study was the modeling of the 
three-phase, solid-liquid-fluid, equilibria. The dissolution of 
a supercritical fluid in an equilibrium liquid phase may be quite 
substantial and markedly affects the thermodynamic properties of 
that liquid. If, however, the liquid is not too near its 
critical point, it may be treated by any of the conventional 
methods for characterizing normal liquids. This result is 
iv 
-illustrated by the successful modeling of the melting point 
behavior for various solids in supercritical fluids, outside the 
region of volume dilation of the liquid phase. 
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Chapter I : Introduction 
In the past decade considerable interest has been shown in 
applications of supercritical fluid (SCF) technology. The 
possible industrial explications that have been investigated 
include the use of supercritical fluids as an extraction medium, 
as a reaction medium and as a medium for fractionation. In 
addition to these pursuits there has been considerable academic 
interest in the more fundamental aspect of supercritical fluid 
technology, e.g. the modeling of the complex phase behavior of 
such systems. While the promise of a decade ago remains elusive, 
there has been much progress on the road to widespread industrial 
use of supercritical fluids. 
The supercritical fluid region can be rigorously defined 
for a pure component as the region of temperatures and pressures 
greater than or equal to the critical temperature and critical 
pressure, respectively, of the pure component, the shaded area in 
figure 1-1. The strict definition of the critical temperature is 
that temperature above which, regardless of the pressure applied, 
the fluid cannot be liquefied. However, for more practical 
considerations, the SCF region may be defined as the boundary 
conditions of 1.0 < T < 1.2 and P > 1.0, where T is the ratio 
r r r 
of the operating temperature to the critical temperature and P 
is defined similarly. It is in this region that the SCF is 
highly compressible, see figures 1-2 and 1-3, and thus its 
attractiveness as a commercial separations media. The use of a 
supercritical fluid as an extractive solvent for a 
multi-component separation capitalizes on both the differences in 
component volatilities (i.e. the desirable feature of 
2 
distillation) and the differences in the interactions between the 
mixture components and the SCF solvent (i.e. the desirable 
quality of liquid extraction). The uniqueness of SCF's are that 
they combine a variety of solvent properties. They have gas-like 
viscosities and diffusivities as well as nearly zero surface 
tension. However, they have liquid-like densities, which when 
combined with their gas-like transport properties provides the 
driving force for the application of SCF technology to a number 
of separations problems in many different industries. Even 
though the combination of properties of SCF solvent makes it 
potentially attractive as a solvent, on some occasions these 
properties may offer no real advantage when compared with the 
properties of standard solvents. Therefore, it is necessary to 
weigh the pros and cons SCF technology on case by case basis. 
Some of the advantages associated with supercritical fluid 
extraction include possible energy savings compared with 
conventional methods such as distillation and ease of separation 
of extracted material by utilizing the fact that the solubilities 
are sensitive to variations in temperature and pressure. There 
are several motivating factors for the development of SCF 
technology as a competitive separations technique. Among these 
are the increased government regulation and scrutiny of 
commercial industrial solvents (particularly chlorinated 
hydrocarbons), an increase in the stringency of pollution control 
legislation (which makes non-toxic, environmentally acceptable 
C02 a very attractive alternative) and performance demand 
increases on material, which cannot be met by traditional 
methods. 
The primary interest of this study is the application of 
supercritical fluids to the problem of pre-combustion 
desulfurization and denitrogenization of coal. Clearly, the 
burning of raw coal, with its significant concentrations of 
organic sulfur and nitrogen, is an environmentally undesirable 
event. The use of supercritical fluids for selective removal of 
organic sulfur or nitrogen alleviates some of the problems 
associated with other methods of desulfurization or 
denitrogenization. For example, the operating conditions are 
less severe and therefore, thermal degradation of the coal 
molecule does not occur and large-scale polymerization is not 
noticed. 
An equally compelling application of SCF's to coal is in 
the area of liquefaction. This technique involves the selective 
extraction of hydrogen-rich constituents from the coal matrix by 
the use of an organic solvent under supercritical conditions. 
The remaining residue of the coal is recovered as a reactive 
char. Compressed solvent gases near their critical temperatures 
are contacted with coal to extract the high-boiling liquids 
formed when coal is heated to approximately 400°C. The extract 
product is a dark-colored, low-melting glassy solid. It 
represents the hydrogen-rich fraction of the coal, an added 
benefit is that it contains less sulfur and nitrogen than the 
coal, and it is essentially free of mineral matter and solvent. 
The residue from this extraction is a porous char that is as 
reactive as coal and has a similar caloric content compared to 
the parent coal. Also, upon heating it does not cake nor evolve 
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tar and the volatlles emitted consist of gases and-water 
(Maddocks, et al., 1979). 
Most work in the coal area has been in this area of coal 
conversion. There have, however, been more recent studies in the 
use of supercritical fluids to selectively remove sulfur and 
nitrogen containing elements from coal (Muchmore, et al., 1984). 
Their process Involves a batch set-up that includes a reaction 
scheme as well as extraction. This procedure is an ad-hoc 
experiment that has a great dependence on the type coal and 
solvent used. We shall show that our study presented here allows 
for better and more extendable results. 
There are some commercially viable processes that use the 
technology of supercritical fluid extraction. Some examples of 
such processes will now be presented. The most often discussed 
use for SCF is the decaffeination of coffee (Zosel, 1978). In 
this process moist green coffee beans are contacted with carbon 
dioxide in a pressure vessel at approximately 200 atm. The 
caffeine is solvated by the CX>2 and carried out of the pressure 
vessel for recovery. The C0_ can then be recycled. This process 
produces a coffee bean with significantly lower concentrations of 
caffeine than required. The advantages of supercritical C0_ over 
traditional methylene chloride liquid extraction techniques are 
the non-toxic nature of CO-, the ease,of solvent recovery and the 
selective removal of only caffeine from the raw coffee bean. 
One of the first processes based on supercritical fluids 
was the ROSE (Residuum Oil Supercritical Extraction) process 
developed by Kerr-McGee in the mid-1970's (Gearhart and Garwin, 
1976). This process is for the upgrading of the thick refinery 
5 
bottoms that remain after -the- first crude-oil distillation 
stages. These bottoms contain waxes and heavy asphaltenes, which 
generally are unable to be processed into fuel grades, mixed with 
lighter, more valuable hydrocarbons that can now be recovered and 
further processed. ROSE uses pentane as a solvent an involves a 
multi-stage process to remove selectively the lighter 
hydrocarbons from the heavy asphaltenes and then recover 
relatively pure pentane for recycle. Kerr-McGee claims 
significant energy savings and capital cost reductions as a 
result of the ROSE process. 
Recently, there has been some Interest in SCF technology in 
the pharmaceutical industry. The interest shown has been in two 
areas, separations of steroids and as a method for size reduction 
of steroids. The characterization of ternary phase diagrams for 
two isomers of methoxy-1-tetralone and carbon dioxide as well as 
the solubilities of the steroids in supercritical CO was 
performed to evaluate the technology as a potential separations 
method (Chang and Morrell, 1984). The use of supercritical C02, 
with a co-solvent, to reduce the particle size of steroids was 
tested as alternative to traditional milling techniques (Larson 
and King, 1985). These applications look promising and further 
research is being performed in these areas. 
The use of SCF's for the extraction of other natural 
products has also been studied. In general, carbon dioxide is 
the solvent of choice for several reasons, among them 
non-toxicity and non-flammability. The processing of hops 
extract is being studied in the brewing industry. In the food 
industry work on the extraction of aroma and flavor components 
6 
from spices is ongoing. These supercritical fluid processes have 
become Important commercial operations because the extract 
product from the hops or spices is easier to utilize, more 
uniform and has an extended shelf-life compared to the natural 
product (Hubert and Vitzthum, 1978). 
Further applications of supercritical fluid technology 
Include waste treatment, fractionation of oils and many others. 
There are several good reviews on this technology available in 
the literature (Williams, 1981; Zosel, 1978; Eckert, Van Alsten, 
and Stoicos, 1986; Paulatls, Penninger, Gray, and Davidson, 1983; 
and McHugh and Krukonis, 1986). 
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— --Chapter II : Perspective 
The first reported study of the unusual powers that 
supercritical fluids possess for dissolving relatively involatile 
solids was made in 1879 by Hannay and Hogarth at the Royal 
Society of London (Hannay and Hogarth, 1879, 1880). Their work 
was with ethanol at a temperature above its critical temperature 
(T = 234°C) and several inorganic salts. They noticed that 
changes in pressure caused the solute to dissolve in or 
precipitate from the solvent ethanol. This led them to the 
conclusion that increases of pressure caused the solutes to 
dissolve and conversely decreasing the pressure caused the 
precipitation of the dissolved materials. 
It was not until the 1940's that the next significant work 
on the solubility of heavy components in supercritical fluids was 
published. The investigations of naphthalene's solubility and 
phase behavior in supercritical ethylene were reported by 
Scheffer and co-workers at Delft University (Diepen and Scheffer, 
1948). This work continued through the 1960's providing the 
driving force for others to observe the characteristics of the 
solubility of naphthalene in several other supercritical fluid 
solvents. 
The quintessential study of naphthalene solubility in 
supercritical solvents was performed by Tsekhanskya, Iomtev, and 
Mushkina (1962,1964). They studied naphthalene solubility, 
figure 2-1, and molar volumes of the saturated solutions of 
solids in compressed gases. This was the first important use of 
supercritical carbon dioxide which has been the solvent of choice 
for almost all subsequent studies and applications. 
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—Jduch work on supercritical fluid systems has been performed 
in our labs. Johnston and Eckert (1981) measured the 
solubilities of several heavy, non-volatile, aromatic solids in 
supercritical carbon dioxide and ethylene. This study exhibited 
the usefulness of supercritical fluids as solvents because of the 
"liquid-like" densities near the critical region and significant 
rate of change of the solvent compressibility. It was also 
noticed that one advantage that supercritical extraction had to 
offer over conventional extraction schemes was that the absorbed 
solid could be precipitated in either of two ways; first, by 
increasing the system temperature and second, by decreasing the 
pressure, since both of these actions will result in the decrease 
of the fluid density. Ziger (1983) measured the partial molar 
volume at infinite dilution, v°°, and the solubilities of simple 
organic solids in ethane and carbon dioxide. It was Hansen 
(1985) who measured both the solubilities and the vapor pressure 
of heavy, non-volatile aromatics. This study was performed to 
elucidate the effect on the solubility of density alone by 
factoring out the influence of vapor pressure on solubility. It 
was determined that the best way to accomplish this was to 
present the data in terms of the enhancement factor, a 
dimensionless ratio of the actual solubility to the ideal 
solubility. The enhancement factor is a very strong function of 
density and furthermore, for most systems the logarithm of the 
enhancement factor increases monotonically with density and is 
very nearly linear. Hansen measured the solubilities of 
compounds in such a manner that the solubilities were functions 
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of solvent density and the volatility of the -solid only and were-
not functions of solid structure. 
The Investigations of Van Alsten (1986) were on the 
structural dependence of the solubility of non-volatile aromatics 
in compressed supercritical fluids. This functional dependence 
of the solutes was studied with pure carbon dioxide and 
entrainer-doped carbon dioxide, which will be discussed later. 
The application of supercritical fluid extraction to 
biomolecules was performed by Gilbert (1987). The solubilities 
of two decarboxylated amino acids in ammonia, which was 
supercritical in pressure only, were studied. Both pure solute 
studies and 1:1 mole ratio mixture studies were performed. The 
determination that, although isothermal separation of the two 
compounds was not possible, a process that utilized variations in 
both pressure and temperature might prove successful was made. 
Other work has been performed in many other labs. The 
study of naphthalene in supercritical ethylene and carbon dioxide 
has been continued by Paulaitis and co-workers (Mackay and 
Paulaitis, 1979 and McHugh and Paulaitis, 1980). Their treatment 
of the supercritical fluid phase mixture as an expanded liquid 
was very useful. In addition to the solubilities of such systems 
the phase behavior was also being measured. The solid - liquid 
-fluid region was studied and an upper critical end point was 
estimated. Their work has continued in the form of experimental 
determinations of multi-component mixture compositions and molar 
volumes (DlAndreth, Ritter and Paulaitis, 1986). 
The study of Kurnik, Holla and Reid (1981) utilized both 
supercritical carbon dioxide and ethylene in solubility 
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measurements with a variety of solutes, from naphthalene to 
hexachloroethane, at several temperatures. Schmitt and Reid 
(1984) studied the solubility of naphthalene in several 
supercritical solvents such as ethane, trifluoromethane, and 
chlorotrifluoromethane. Further work by Schmitt and Reid (1985, 
1986) includes the study of the effect of monofunctional 
derivative of polycyclic aromatics on solubility in several 
supercritical fluids and the monofunctional derivatives of large 
paraffins (C._ -* C0„) in supercritical carbon dioxide. It was 
determined that the choice of supercritical extractant should be 
based on the same criteria that are in current use for liquid 
extraction. An interesting phenomena that was observed by Kurnik 
and Reid (1981) was the existence of extrema of solubility in 
solid-fluid systems. The minima occurs at low pressures and the 
maxima at elevated pressure, e.g. in the naphthalene ethylene 
system the minima occurs at 15 to 20 bars and the maxima at about 
600 bars. 
More recently, the solubility and phase behavior of 
naphthalene was studied in supercritical xenon (Krukonis, McHugh 
and Seckner, 1984). This was the first study to show that a 
noble gas could be a good supercritical solvent. The 
solubilities of caffeine and theophylline in supercritical 
ammonia at 140°C was measured by Yonker and Smith (1985). It was 
found that theophylline is more soluble that caffeine at 
pressures between 110 and 113 bars. Above 113 bars, caffeine is 
more soluble that theophylline. The maximum in solubility of 
caffeine occurs at pressures above 135 bars when the solubility 
approaches 1 mole percent. At about 120 bars, the maximum 
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solubility for theophylline is approached which is above 0.5 mole 
percent. Although no chemical reactions take place at 140°C, at 
higher temperatures successive reductive aminations occur. The 
ketones can react to yield primary amines which in turn can react 
to yield secondary amines. 
Although there has been extensive work accomplished in the 
study of binary supercritical mixtures, it is evident that the 
use of pure supercritical fluids has Inherent limitations to its 
future utility. It has been found that typical supercritical 
solvents are unable to discern the differences between similar 
solute molecules. This situation exhibits "azeotrope-like" 
behavior. It is obvious that something must be done to the fluid 
in order to impart the required characteristics that are needed 
to solvate selected species. The studies of G. Brunner and Peter 
(1982 and 1983), E. Brunner (1985), and Schmitt (1984) show that 
the bulk fluid characteristics can be augmented with the addition 
of a small amount of a volatile component. In particular the 
loading capacity of the solvent is substantially increased. 
There are three distinct approaches to the addition and use 
of modifiers in supercritical fluid extraction. The first 
approach has been shown by Joshi and Prausnitz (1983) as a 
theoretical exercise only. This work hypothesized a mixture of 
two gases, chosen such that the mixture exhibits the optimal 
critical properties for the particular process in question. That 
is a low critical temperature gas, such as carbon dioxide, is 
mixed with a gas that has a critical temperature somewhat higher, 
such as propane, to form a fluid for a process that would 
optimally utilize an Intermediate critical temperature fluid. 
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Along these lines, it can be shown that a fluid may be designed 
to operate in a region that is unsuitable for a pure fluid. The 
mixtures of carbon dioxide and propane would be useful for 
operation In the temperature range of 310-380 K. Joshi utilized 
a modified version of the Redlich-Kwong equation to predict the 
solubilities of benzoic acid and naphthalene in a variety of 
mixtures of carbon dioxide, propane, sulfur dioxide and ammonia. 
There are problems inherent in a study such a this. In 
particular, equations of state are formulated solely on the basis 
of physical interactions between molecules. The Inherent 
limitation is that these physical interactions are poorly 
represented in highly asymmetric systems such as those involved 
in most supercritical fluid studies. In addition, there were no 
chemical interactions accounted for within their model. It is 
readily apparent that any process involving benzoic acid and 
ammonia would be expected to exhibit very strong chemical 
(acid-base) complexes or possibly even a reaction. 
The work of G. Brunner utilizes the addition of a less 
volatile component to the bulk supercritical fluid. The addition 
of this second component, which shall be referred to as the 
"liquid", drastically alters the fluid properties and the 
solvating power of the solvent. This study proposes a two-stage 
process as a separations scheme. First, the mixed solvent 
solvates the solute to a much greater extent then is possible 
with the pure fluid. Next, the mixture is recycled in such a way 
that the previously homogeneous fluid splits Into two phases, 
gas-rich and liquid-rich. It is in the liquid-rich phase that 
most of the dissolved solute is found. The limitations in such a 
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process are as follows: First, the fluid-mixture would need-to 
exhibit Type I phase behavior at the operating pressure and 
temperature and Type II behavior at the same pressure but at a 
higher temperature. Second, the "liquid" that is added must be a 
very strong solvent for the solute used. 
In our labs the third approach to the modification of 
supercritical fluids was performed by Van Alsten (1986). This 
work utilized the "doping" of the bulk supercritical solvent with 
a small amount of some volatile "entrainer" species. By the 
addition of only small amounts of these dopants the bulk 
properties, i.e. the desirable characteristics of the 
supercritical fluid, are, to a large extent, maintained. 
However, the solvent loading capacity of these entrainer-doped 
fluids is greatly increased, figure 2-2. The requirements of the 
entrainer include that it must be a strong solvent for the solute 
by Itself and it has to be miscible with the fluid at elevated 
pressures. In this manner, it can be shown that the entrainer 
effect is more easily studied by isolating a specific interaction 
between the solute species and the entrainer as opposed to 
altering the critical properties of the fluid. Van Alsten used 
methanol and acetone as entrainers in concentrations between 1.0 
and 5.0 mole percent. The varying of the entrainer concentration 
was performed to find any limiting behavior of the entrainers. 
It was observed that the entrainer-doped solvents increased the 
solubility if the entrainer molecule and the solute molecules 
exhibited some degree of association. The two main forces of 
attraction that lead to the increased solubility in 
entrainer-doped fluids are hydrogen bonding and dipolar coupling. 
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The selectivity of a solvent in a separations process can also be 
improved with the use of entrainers. 
The next permutation the study of supercritical fluid 
extractions lies in the analysis of solute mixtures. The first 
extensive study of solute-solute-supercritical solvent systems 
was that of Kurnik and Reid (1982). In their Investigations the 
solubilities of a number of binary solutes were measured in 
supercritical carbon dioxide and ethylene and these results were 
then compared to the solute solubilities in their respective 
binary solute-fluid systems. These comparisons yielded quite an 
unexpected phenomena. The solubilities of the individual 
components were significantly greater in the ternary systems than 
in the binary systems, figure 2-3. Typically these increases were 
on the order of 100*. However, It must be stated that the 
largest increase in a solute's solubility occurred when the 
second solute component had a relatively high solubility, e.g. 
naphthalene. This would imply that there are very strong 
interactions between the two solute species in the supercritical 
solution. We must infer from this work that these supercritical 
solutions do not subscribe to the previously held supposition 
that they are infinitely "dilute" solutions, with their 
- 2 - 3 
s o l u b i l i t i e s on the order of 10 - 10 . In fact , the notion of 
only so lvent - so lu te interactions must be scrapped for these type 
of systems. 
Another worthwhile contribution from t h i s work i s that 
there does not appear to be any discernable s e l e c t i v i t y between 
the two solute species in the supercri t ica l so lut ion . I t i s 
apparent that the s e l e c t i v i t y actual ly decreased as the solvent 
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loading capacity increased at higher pressures. The appearance 
of the "azeotrope" situation in which the ratio of the two 
solutes remains constant does not bode well for the potential use 
of supercritical solvents for separations. This is most likely 
due to the non-polar, non-functional nature of the fluids used, 
which do not have the capacity to distinguish between the two 
solute species. 
Another study that must be addressed here is that of 
Kwlatkoski, et al. (1984), figure 2-4. This work shows the 
ternary system of phenanthrene - anthracene - carbon dioxide, in 
which the solubility of anthracene appeared to have been 
increased through a synergism with phenanthrene. However, the 
solubility of phenanthrene exhibited a slight decrease compared 
to its binary solubility. The solubility of the anthracene is on 
-5 -3 
the order of 10 and that of phenanthrene is about 10 . The 
apparent effect that is noticed is that the anthracene molecules 
appear to be "Infinitely dilute" with respect to the phenanthrene 
while on the other hand the phenanthrene does not appear to be 
infinitely dilute with respect to the anthracene. 
Hypothetically, it seems that the anthracene see significant 
Interactions with the phenanthrene, while conversely the 
phenanthrene molecules do not seem to be able to be influenced by 
the far more dilute anthracene. 
Van Alsten (1986) used the entrainer-doped carbon dioxide 
to affect the separation of acridine and anthracene. The 
solubilities of both solute species were found to be increased in 
the carbon dioxlde-methanol supercritical fluid mixture, see 
figure 2-5. Despite this result, the selectivity was also found 
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to have increased, figure 2-6. While this study-did not yield 
definitive results, in terms of affecting separations, it is the 
first step towards the tailoring of solvents for specific 
separations. 
The study by Chimowitz and Pennisi (1986) presents a 
procedure for designing supercritical fluid extraction processes 
that utilize a pure solvent fluid to effect the separation of two 
organic solute species. This type of process requires the 
existence of retrograde behavior and separable "cross-over" 
pressures in the fluid phase mixture, figure 2-7. A binary solid 
mixture that exhibits such behavior may be separated into its 
pure component constituents in a two-stage cascade, which is 
isobarlc but has simple temperature cycling. This work is still 
underway and, therefore, its success or failure can not yet be 
evaluated fully. 
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Chapter III : Experimental .
 w 
The principle behind all of the apparatuses is that an 
equilibrium condition exists between the solute when it is 
contacted by the supercritical fluid. This is achieved with the 
use of the dynamic or flow method. This method involves the 
passing of the supercritical fluid over the solid in a continuous 
fashion and concurrently measuring the volume of the fluid flow 
and the amount of the solid that is solvated by the fluid. The 
dynamic flow method allows equilibrium measurements to be made 
for pure and multi-component solid solutes. It also has the 
added advantage of shorter run times and easier analysis. 
This work involves the measurement of the solubility of 
model coal compounds, figure 3-1, which were chosen because they 
represent parts of a coal molecule, figure 3-2 (Whitehurst, 
1978). Three experimental apparatuses have been utilized in this 
work, one for each of the temperature ranges investigated, 
25-80°C, 100-200°C, and > 225°C. Each of the units has subtle 
differences from the others. Their descriptions will follow in 
order of increasing temperature. 
A schematic of the low temperature solubility apparatus is 
shown in figure 3-3. Typically carbon dioxide is the fluid used 
here, although ethane, ethylene and a number of freons have been 
used in the past. In this discussion we will assume that carbon 
dioxide is being used. Bone dry carbon dioxide, with a minimum 
purity of 99.8% , is compressed by an air driven gas compressor 
(Haskel AG-152) and then stored in a high pressure vessel. This 
storage bomb is maintained throughout the experiment by periodic 
cycling of the compressor. The carbon dioxide was then flowed to 
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a pressure regulator (Tescom 26r-1021-44) which-can. maintain the 
system pressure from 200-10,000 psi. The inlet stream has a 15 
micron filter (Nupro 4TF) online to limit the impurities in the 
system. The regulator permitted the control of the system 
pressure to within 10 psi, although it must be noted that the 
regulator required periodic adjustments while in service and 
regular maintenance, e.g. replacement of o-rings, while the 
system is not In service. The system, or downstream, pressure 
was measured with a bourdon-tube gauge that has a range of 
0-15,000 psi (Heise C-59327) with an accuracy of 15 psi. 
The carbon dioxide was then flowed into a heat transfer 
coll that consisted of a nine foot length of H" 0D 316 stainless 
steel tube that is submerged in a constant temperature water bath 
(18" high x 12" diameter). The temperature is controlled by a 
Thermotrol (Hallikainen Instruments) which emits pulses about 
once per second to provide current for a 500 watt knife-blade 
heater. For higher temperatures auxiliary heaters are powered 
with a variable voltage transformer (Variac). The temperature 
can be maintained to within ±0.01°C. and may be read with a 
calibrated mercury thermometer to ±0.05°C. After the fluid in 
the heat transfer coil has reached the bath temperature it is 
passed through a 9/16" OD high pressure tube, which serves as the 
saturator, that has been packed with the solute. The upstream 
end is packed with glass wool and the downstream side is packed 
with glass wool and a 20 micron porous chromatography frit. This 
is to prevent the entrainment of the solid by the fluid flow. 
The carbon dioxide flowed slowly into the tube and became 
saturated with the solute in an equilibrium process. Mass 
transfer calculations—ware performed by Johnston (1981) and he 
demonstrated that equilibrium exists for several fluid flow 
rates. The saturated fluid then flowed into a micrometering 
valve (Autoclave Engineers Inc. 60VRMM-4882-GB), where it was 
flashed from the higher system pressure to ambient pressure. The 
micrometer valve was heated with two 250 watt cartridge heater 
which were placed in 3/8" diameter holes the on exit side of the 
valve. This heating of the valve was performed to ensure a 
smooth and steady flow of fluid. The heating, however, had two 
limitations. First, the temperature of the valve must be 
maintained above the melting point of the solute, about 5-15° 
above, to prevent clogging. Second, the temperature must have an 
upper limit such that the decomposition of the solute does not 
occur. The latter criteria becomes more important when working 
in the higher temperature regimes which will be discussed later. 
Once the saturated carbon dioxide mixture is out of the 
micrometering valve it separates, with the solute precipitated 
into a 304 stainless steel collection tube, which is immersed in 
an ice-water bath. This collection tube is wrapped in 0000 mesh 
steel wool and placed in a sidearm test tube with a silicone 
stopper, which serves as the "trap". A small piece of filter 
paper is placed over the sidearm outlet to prevent any entrained 
solute from being carried along by the fluid flow. The carbon 
dioxide is then saturated with water and passed to a wet test 
meter which measures the volume of the fluid by an integration of 
the amount of water displaced in the meter. This volume is 
corrected to STP and the number of moles of carbon dioxide used 
can be calculated. 
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The-eoiute collection trap is tared before an experiment 
and the weighed after the run on a high capacity analytical 
balance from Mettler (H315). This difference in mass enabled us 
to calculate the number of moles of the solute that were solvated 
by the carbon dioxide. It was then an easy task to determine the 
mole fraction of the solute in the_supercritical fluid at system 
temperature and pressure. 
The solutes studied in this low temperature apparatus were 
thianthrene (99+%), dibenzofuran (99+%), and dibenzothiophene 
(which had to be purified to 99+96), which were supplied by 
Aldrlch Chemical Co. The carbon dioxide was supplied by Linde 
Specialty Gases. 
A typical solubility experiment consists of the following 
procedures: The saturator is filled with the solute of interest 
and put into place on the apparatus. The constant temperature 
bath is filled with water and raised with an air ram (Fluid-Tek, 
Inc. A-2C02-19") in such a manner that the entire system is 
immersed in the water up to the bottom of the micrometer valve. 
With this accomplished, the stirrer and the temperature 
controller were turned on and adjusted for proper operation of 
the apparatus. Once the desired temperature Is reached, the bath 
is allowed to equilibrate for approximately one hour. The gas 
compressor is then turned on and the storage bomb is filled with 
carbon dioxide. The system pressure was then raised to some low 
value (e.g. 1000 psi) and the fluid was allowed to enter the 
coiled heat transfer tubing slowly. This slow elevation of the 
pressure reduced the initial surges of pressure and, therefore, 
fluid flow when the downstream section was opened to the upstream 
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part, and thus minimizes the formation of clogging within the 
system. The cartridge heaters were turned on and the 
micrometering valve allowed to reach its predetermined 
temperature, which was then measured using a digital thermometer 
with a chromel-alumel thermocouple, (Omega 873K) which was placed 
in drilled holes. In addition, a spare waste solute collection 
trap was attached to the micrometering valve. The pressure in 
the saturator was them raised slowly until it reached the desired 
operating pressure. The flow rate of the carbon dioxide is 
controlled by the micrometering valve. Once the fluid flow rate 
became steady, the waste trap was removed and replaced be a 
clean, tared collection trap and the wet test meter reading was 
recorded. Several solute collection traps were run at each of 
about six pressures that were investigated. An average 
solubility was then calculated from the complete set of runs. 
The typical trap contains between 50 and 100 milligrams of the 
collected solute. 
There are only minor differences between the low 
temperature apparatus and the intermediate temperature apparatus. 
First, the solvent was supplied from a cylinder with an eductor 
tube, for liquid withdrawal and compressed with a liquid pump 
(Haskel DSF-100). The constant temperature bath is filled with a 
silicone oil heat transfer medium (Dow Corning 200 fluid, 
dimethylpolyslloxane). This allows for safe operation in the 
100°C to 200°C range. Next, the saturator must be larger than 
that used in the low temperature apparatus because of expected 
higher solubilities at the elevated operating temperatures. This 
is really a matter of convenience, to minimize the amount of down 
32 
time when working on one complete-isotherm. The saturator was 
replaced with a micro series reactor (High Pressure Equipment Co. 
MS-17) with a 1" OD x, %" ID and 10" in depth made of 316 
stainless steel, which Is rated to 15,000 psi. The tubing used 
throughout this apparatus was 1/8" OD, 15,000 psi taper seal 316 
stainless steel and along with the valve and adapters, which were 
similarly rated, were supplied by High Pressure Equipment Co. In 
addition the bourdon-tube pressure gauge was replaced with a 
digital pressure gauge (Heise transmitter: 715TA; receiver: 716R) 
which operates with a Series 7 non-contact optical pressure 
sensor, with an accuracy of 0.1% of span (15,000 psi). Finally, 
while ammonia was used as the solvent the water in the wet test 
meter was replaced with toluene. The toluene was used because 
the ammonia was relatively insoluble in it and no reactions with 
ammonia take place. 
The solutes studied in this apparatus include anthracene 
(99.9%), dodecahydrotriphenylene (99%), thioxanthen-9-one (98%), 
and xanthone (99%), which were all supplied by Aldrich Chemical 
Co. The n-butane was CP grade (99.0% minimum purity) and the 
ammonia was anhydrous grade (99.99% minimum purity). Both were 
supplied by Llnde Specialty Gases. 
For work at higher temperature a different constant 
temperature bath was used, see figure 3-4. In order to work at 
temperatures greater than 225°C, a fluidlzed bath (Tecam SBL-2D) 
with a maximum operating temperature of 600°C, was used. The 
heat transfer media was an aluminum oxide sand with an average 
particle size of 120 mesh. A Techne (TC-4D) temperature 
controller, which was designed specifically for use with the 
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Tecam baths, was used. It uses a chromel-alumel thermocouple and 
has accuracy of 0.5% of span. 
The solvent used with this apparatus was ethanol (100%), 
supplied by U.S. Industrial Chemicals Co., which being a liquid 
at ambient conditions requires a different method for solvent 
delivery and a different method for data collection. The solvent 
is kept in a flask and sent to a HPLC pump, from LDC/Mllton Roy 
(miniPump® Model #2396-89), which can deliver the solvent to the 
storage bomb up to 15,000 psi at a flow rate between 46 and 920 
ml/hr. 
The data collection method for this apparatus differs 
greatly from the method described previously. The trap is 
similar to the other one, except that the 304 stainless steel 
tube does not end into a side arm test tube, instead it is 
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U-shaped and has a capacity of ~ 10 cm . This U-shaped trap is 
plugged with glass wool at the open end to prevent overflow and 
is immersed in a dry ice-acetone bath to provide faster cooling 
from the higher operating temperature. Due to the fact that the 
solvent used here is a liquid at ambient conditions a wet test 
meter cannot be used to measure the volume of the solvent used. 
The method of analysis used is to tare the trap before the 
experimental run and then re-weigh it after the run. The 
difference is assumed to be approximately pure solvent, due to 
the dilute nature of the solution, and thus by multiplying by the 
density of the solvent we obtain the number of moles of solvent 
used. The measurement of the amount of solute requires the use 
of a UV spectrophotometer (Beckman Acta CII). The U-shaped trap 
must be rinsed with methylene chloride into a 250 ml. volumetric 
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flask. It generally requires five rinses -to clean the trap 
completely. The flask is then filled with methylene chloride and 
stirred for an hour. A dilution of this flask must be made in 
order to get a reliable absorbance measurement. This absorbance 
is compared against a calibrated curve for each solute to 
determine the concentration of the solute present. 
The solute studied with this high temperature apparatus was 
6,13-dihydrodibenzo[b,i]phenazine (technical grade) which was 
supplied by Aldrich Chemical Co. It was necessary to purify the 
solute for use and this was accomplished by using a soxhlet 
extractor with ethanol as the solvent. This process took several 
weeks to get enough reasonably pure solute to pack the saturator. 
Operation of this high temperature apparatus was slightly 
more difficult than either of the two. The system pressure had 
to be monitored more closely and could be fine tuned in two ways: 
First, the pressure regulator and micrometering valve could be 
adjusted or, two, the flow rate could be adjusted on the HPLC 
pump. The latter method seemed to be more effective. Another 
problem that had to be monitored was the filling of the U-shaped 
trap. It was undesirable to get the glass wool plug wet because 
it was felt that it would be difficult to clean out and 
therefore, cause errors in the measurements. A method to 
overcome this problem was developed. First, the next test trap 
to be used was left in the dry ice-acetone bath until it had 
frost on it. It was then attached to the system and was removed 
as soon as the frost melted. This usually resulted in a 
sufficient amount of solution collected for data analysis. 
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A support experiment that was used was the measurement of 
the vapor pressures of the model compounds. An apparatus that 
was built be Hansen (1985) utilizes a modification of the 
transpiration method, figure 3-5. It has the capability of 
measuring the saturation pressures to as low as a few mPa. The 
major advantage of this method Is the rapid acquisition of data 
compared to the traditional effusion methods, a datum in a few 
hours Instead of days. The experimental method involves the 
conversion of a equilibrium concentration of organic sample, 
saturated in a gas stream, into carbon dioxide and other gases. 
The concentration of the carbon dioxide gas in the effluent 
stream is analyzed using an Infrared spectrophotometer and using 
this we are able to calculate the sample's vapor pressure as 
follows: 
sat [C°2l p PSar = (3-1) 
n 
where P is the system pressure (near atmospheric) and n is 
the number of carbon atoms is a molecule of the sample. 
Further modifications to this apparatus were made as part 
of this study. First, in order to measure the sublimation 
pressure at the higher temperature studied here, the constant 
temperature bath was filled with the silicone oil, described 
previously. Next, the saturator was replaced with a tube bundle 
of smaller OD tubing. This was done to reduce the tunneling of 
the solute that occurs when large diameter tubing is used. 
Another change that was made to reduce tunneling and entrainment 
was the packing of every fourth tube in the bundle with glass 
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wool only. The elimination of redundancies from the apparatus 
and the inherent streamlining that occurred once they were 
removed was the final modification made here. Some new data are 
presented in figure 3-6 for thioxanthone and in Appendix A in 
tabular form. 
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Chapter IV : Discussion 
Before entering into a discussion of the results from the 
experiments being presented here it would be useful to mention 
some of the major problems that must be overcome to insure 
successful solubility measurements. The main obstacle to the 
success of an experiment is the clogging of the micrometering 
valve. As mentioned previously, the valve was heated to 
approximately 5-15°C above the solute's melting point. This 
heating of the valve, however, must be tempered with the 
maintenance of an acceptable flow rate in order to insure that 
equilibrium exists between the solid and the fluid. If a flow 
rate that is too fast is being used then there is no guarantee 
that equilibrium will be achieved. Conversely, if the flow rate 
is too slow then the fluid will exhibit a substantial loss in 
density as it reaches the heated micrometering valve thereby 
forcing the dissolved solute out of solution. In general a flow 
rate approaching 0.3 1/min. (.01 SCF/min.) will be adequate for 
maintaining equilibrium. 
Another, albeit less significant, problem is that of solute 
tunneling. This occurs when the fluid creates a channel through 
the solute packed saturator. The result is that the fluid may 
fail to make contact with the solute, but this difficulty can be 
circumvented by doing two things. First, the saturator should 
not be densely packed, i.e. the solute should not be tamped down. 
The second way to avoid tunneling is to pack the saturator with 
alternate sections of glass wool and solute. 
There are two problems that occur when weighing the traps 
after an experimental run. The first problem occurs as a result 
44 
of using-a tared trap with-air inside. The difference in density 
between the air and the fluid being studied, although small, does 
contribute as much as 10-20 milligrams excess mass. This 
difficulty can be resolved by flushing the traps with dry 
nitrogen prior to weighing. It has been surmised in a previous 
study (Ziger, 1981) that the error In solubility measurements was 
mainly a function of the amount of solute sample that was 
collected. While on the surface this may seem true the actual 
situation is more complex. In general the solvated solution 
seems to flow out of the micrometering valve in pulses rather 
than in a steady stream. Therefore, if the traps are connected 
to the system for only a short amount of time there may be 
significant fluctuations in the solubility measured. Thus it is 
important to allow the measurements to be made over a sufficient 
amount of time in order to minimize any effect of these 
fluctuations, so that in essence the fluctuations will be 
averaged out over time. 
Other uncertainties in such things as temperature control 
and pressure control were negligible when compared with the above 
mentioned problems especially the clogging of the micrometering 
valve. It must also be noted that any solute that came in large 
crystals was ground to a fine powder in order to assure accurate 
measurements. 
Four supercritical solvents were investigated in this study 
with a variety of multicyclic solutes. Solubility isotherms were 
measured for anthracene, thioxanthone, and xanthone in butane 
(T =152.0°C, P =37.96 bars) at temperatures of 162°C and 182°C 
(except xanthone, only 157°C was studied) and pressures from 35 
to 210 Bars. The solubility-pressure isotherms for anthracene 
and thioxanthone will be discussed in much greater detail later 
in this chapter as different correlations are evaluated. The 
resulting solubility isotherm for xanthone is shown in figure 4-1 
as a function of pressure. Additionally, the solubility data is 
given in tabular form in Appendix A. The overall average 
deviation of the butane data can be conservatively estimated as 
10%. Each of the reported data points represent the average of 
between 5 and 25 experimental runs, depending upon the length of 
time required for an experimental run for a given system. 
The second solvent studied in the intermediate temperature 
range was anhydrous ammonia (T =132.4°C, P =112.8 bars). 
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Measurements of solubility were made at the temperatures 142°C 
and 162°C at pressures that ranged from 125 to 350 bars. The 
solubility results for anthracene will be discussed later. In 
figures 4-2 and 4-3, the solubility-pressure isotherms for 
dodecahydrotriphenylene and triphenylene are presented. The 
solubility data tables are also presented in Appendix A. It is 
estimated that the overall average deviation of the ammonia data 
is 7*. The data points that are presented each represent 
averages of between 5 and 15 experimental runs. 
In order to expand the current solubility database of low 
temperature solvent studies, measurements were made with carbon 
dioxide (T =31.04°C, P =73.82 bars) at temperatures of 35°C, 
50°C, and 70°C and at pressures in the range of 100 to 420 bars. 
The solutes that were investigated include dibenzofuran, 
dibenzothiophene, and thianthrene (except at 35°C). In the 
figure 4-4 data for dibenzothiophene are presented. The 
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solubility isotherms for both dibenzofuran and thianthrene will 
be discussed later in this chapter. In addition, the data are 
presented in tabular form in Appendix A. The overall average 
deviation for the carbon dioxide data is estimated to be 10%. 
For each of the data points presented between 5 and 15 
experimental runs were made. 
The above discussion of the solubility results requires 
some explanation of the calculation of these solubilities. An 
example of a solubility computer program is found in Appendix C. 
A small correction to the volume of the gas that was measured by 
the wet test meter was made, due to the pressure drop across the 
wet test meter and the vapor pressure of the liquid in the wet 
test meter. In addition to the solubility, the data is also 
presented in terms of the enhancement factor, E, which can be 
defined as the ratio of supercritical partial pressure to the 
ideal partial pressure. Mathematically the enhancement factor 
can be represented by 
psat 
where y is the solubility of the solute in the fluid phase, P is 
the system pressure, and P is the solute's sublimation 
pressure. The advantages to presenting data in this form is 
twofold: First, it uncouples the influence of the solute's vapor 
pressure from the solubility and second it allows for more direct 
comparison of solvent-solute interactions. The presentation of 
log E as a function of density yields a straight line that can be 
observed in figure 4-5. The density data are fit to the system 
temperature and pressure with the quadratic spline routines, 
QSPLNI and QSPLNS, which are part of the University of Illinois 
mathematics subroutine library. The butane density data came 
from the National Bureau of Standards (Haynes and Goodwin, 1982) 
and the ammonia and carbon dioxide data came from Din (1962). 
The fourth solvent that was studied here was ethanol 
(T =243.0°C, P =63.8 bars) with the solute 
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6,13-dihydrodibenzo[b,i]phenazine at a temperature of 275°C and 
at pressures that ranged from 100 to 350 bars. The 
solubility-pressure isotherm is presented in figure 4-6 and the 
data are presented in tabular form in Appendix A. A conservative 
estimated of the overall average deviation is 6% for the ethanol 
data. The reported values of solubility each represent an 
average of 5 experimental runs. The lower number of experimental 
runs was due to the difficulty and length of time required for 
each experiment. A sample calculation of the solubility is 
included in Appendix D. 
As discussed in chapter 3 the solubility measurements with 
ethanol were different from the other studies and also proved to 
be more difficult. It is important to discuss the main problems 
and possible experimental pitfalls with high temperature 
solubility measurements before we move on. The problems with 
clogging of the micrometering valve become exacerbated when 
working at such high temperatures. In general, large organic 
compounds with melting points that are greater than 300°C 
decompose at temperatures slightly above those at which they 
melt; some compounds do not even exhibit melting points before 
decomposition. Therefore, the temperature of the micrometering 
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valve must be monitored very c l o s e l y , and to get a more even 
dis tr ibut ion of heat a third heating cartridge was used. Another 
very important part of the experiment was the r ins ing of the 
U-shaped trap. It must be thoroughly cleaned out with methylene 
chloride to insure that a l l of the s o l u t e that was solvated was 
being measured. The s o l u b i l i t i e s are so small that one cannot 
stress enough the importance of t h i s s t ep . In addit ion, because 
of the high v o l a t i l i t y of methylene chloride, care must be taken 
to insure that the methylene chloride does not evaporate and thus 
cause an inaccurate absorbance measurement. Therefore, the 
volumetric flasks must be capped at a l l times and when the 
absorbance measurement was being made the f irs t value of the 
absorbance that s tab i l i z ed was used. Also, two measurements of 
the absorbance were made from each sample. These precautions 
yielded repeatable r e s u l t s for the s o l u b i l i t y measurements. 
The object of the col lect ion s o l u b i l i t y data i s to use the 
experimental data to determine a method of data correlation that 
will e a s i l y lend i t s e l f to being used as a s t r i c t l y predictive 
tool. In order for the continued expansion of the supercrit ical 
fluid extract ion technology to occur, methods must be developed 
that w i l l allow the a prior i prediction of s o l u b i l i t i e s without 
resorting t o laboratory measurements for every system 
contemplated. What follows i s an exposit ion of currently 
available methods for the correlation of so lub i l i ty data in the 
supercri t ica l region. 
The choice of model to correlate thermodynamic data i s a 
very d i f f i c u l t procedure. There are many factors that must be 
considered in order to find a model that i s applicable over 
entire range of the data . The ideal model should al low for 
accurate extrapolation i n t o new regions where there i s no data. 
However, in real i ty most thermodynamic models are not capable of 
extrapolation into unexplored regions without great d i f f i c u l t y 
and a large degree of uncertainty. I t i s common t o expect a 
model to exhibi t reasonable quantitative representation in 
certain regions while the data are represented q u a l i t a t i v e l y over 
the ent i re region of i n t e r e s t . In general , the more adjustable 
parameters in a thermodynamic model the better the numerical f i t ; 
however, there i s an important trade off that i s made, as the 
number of parameters increase , their physical s ign i f i cance i s 
often l o s t . Therefore, the optimum choice for a model i s one 
that has as i t s foundation an accurate physical descr ipt ion of 
the real molecular condit ion and can accomplish t h i s with the 
minimum number of adjustable parameters. In addi t ion , better 
prediction of unmeasured phenomena i s attained with more 
physically s ignif icant models. 
I t i s imperative a t th i s point to appreciate the d i f f i c u l t y 
in modeling thermodynamic behavior. The d i f f i c u l t y in modeling 
pure component behavior provides a s u f f i c i e n t chal lenge . The 
extension to binary or multicomponent mixtures can prove 
extremely hard. If the dif ferent components in the mixture have 
similar molecular s i z e s and shapes and properties, then i t i s a 
re la t ive ly straightforward procedure to adapt the s i n g l e 
component models to mixtures . Unfortunately, supercr i t i ca l f lu id 
mixtures are usual highly asymmetric and thus present a 
s igni f icant challenge for finding useful methods of combining 
their pure component parameters. Most typical methods for 
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combining the pure component properties of mixtures are stretched 
to their l i m i t s when applied to these h igh ly asymmetric 
supercri t ical f l u i d mixtures. 
Another major point of d i f f i cu l ty with supercri t ica l 
mixtures i s that they are studied near the c r i t i c a l point of the 
so lvent . This problem may even be more of a bother that the 
asymmetry. I t i s a demanding task to model a pure component in 
i t s cr i t i ca l reg ion, which i s made more troublesome with the 
addition of only small amounts of the s o l u t e species . The 
analys i s i s further complicated by the extremely large changes in 
densi ty and other properties that occur with only minute changes 
in temperature and pressure. To attain a reasonable degree of 
success in corre lat ing the data, a model that actual ly approaches 
the physical molecular s i tua t ion i s required. 
For th i s study, straightforward methods that had a basis in 
physical s i t u a t i o n s , but included some empiricism, were used to 
correlate the binary supercr i t ica l s o l u b i l i t y data presented. 
The desire to keep the number of adjustable parameters to a 
minimum meant that more than lfc parameters per binary system were 
never used. 
There have been many methods u t i l i z e d to model 
supercri t ical s o l u b i l i t y behavior. Generally, an equation of 
s t a t e that was applicable to P-v-T properties was modified 
thermodynamically in order to model the supercr i t i ca l phase 
behavior. Many types of equations of s t a t e have been 
invest igated among the variat ions tested are cubic, perturbed 
hard-sphere and l a t t i c e gas equations. In addition, a variety of 
mixing rules have been attempted to try and account for the 
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highly asymmetric nature of supercritical mixtures. Although 
there have been limited successes there has not been a widely 
accepted method for these types of mixtures. The main problem, 
however, with most equations of state is that they are analytic 
equations that are being used to model the nonanalytic critical 
region. Fortunately, most supercritical fluid mixtures are 
adequately far enough away from the critical region such that 
scaling laws are not required. 
The development of many equations of state are based on 
either implicit or explicit corresponding states arguments. This 
is a very questionable practice when working with such highly 
asymmetric mixtures that are so close to a critical point. A 
mean field approximation is also not quite a valid practice in 
the critical region for these mixtures. Therefore, one would 
expect that equations of state that are rooted in these methods 
should not perform satisfactorily in the supercritical region. 
However, in practice, most equations that are developed are not 
examined with a large or very varied set of solubility data and 
thus are able to exhibit limited successes in such limited 
regions. 
The ease of use makes cubic equations of state a popular 
choice. They generally give substantially correct representation 
for many types of phase behavior, however, there may be some 
limitations in the supercritical region due to the inherent 
problems they have representing the critical region. It has been 
shown (Hong and Model1, 1983) that the cubic Peng-Robinson 
equation will yield a reasonable qualitative description of all 
the phase behavior that is found in supercritical mixtures. In 
addition, the Peng-Robinson equation predicted certain behaviors 
that have not been experimentally observed. This study also 
showed that quantitative results were not reliably predicted. 
The foundation of cubic equations of state are built upon a 
perturbation expansion about a hard-sphere reference system. 
Many of the simplifying assumptions necessary yield the 
approximate and empirical character of the cubic equations. The 
next step in this process is the use of a more rigorous 
assessment of the perturbation expansion. This yields the 
perturbed hard-sphere (PHS) equations. These PHS equations have 
a more exact basis from a statistical mechanical standpoint. 
They often have been evaluated using either Monte Carlo or 
molecular dynamics simulations of hard-sphere and attractive 
hard-sphere interactions. If higher order perturbation terms are 
included a better description can be achieved. The extension of 
PHS equations to mixtures has been made by utilizing similar 
expansion methods to hard-spheres with different sizes and 
energies (Leonard, et al., 1970; Mansoori and Leland, 1972; Lee 
and Levesque, 1973). 
The scope of this correlation study is to extend the work 
of Ellision (1986) to higher temperature supercritical solvents, 
both polar and nonpolar. Additionally, the study of polar 
solutes helps expand the data such that the effects of polar 
interactions in the supercritical fluid region may be taken into 
account in future attempts to characterize this type of phase 
behavior. 
It would be very useful to work with some of the simpler, 
but indicative, methods over the entire fluid region with our 
diverse data base. In this manner, worthwhile comparisons of 
these methods could be accomplished and conclusions regarding 
their s u i t a b i l i t y determined. The resu l t s that are obtained 
might help delineate what type of equation would be needed in 
order to characterize more completely the supercri t ica l region. 
In most correlat ion s tudies of supercri t ical s o l u b i l i t y i t i s 
treated as a solid-dense gas equilibrium. The fugacity of the 
f luid phase can be expressed as 
f 2 = Y2 *2 P ' ( 4 - 2 ) 
where y_ i s the s o l u b i l i t y of so lute in the fluid phase and 0- i s 
the fugacity coef f ic ient of the solute in the f l u i d . The 
fugacity of the so l id phase y i e l d s the following expression 
« : - . s a t , sat exp 
vS2 (P - P S 3 t ) 
RT 
( 4 - 3 ) 
where P28a is the solute's vapor pressure, 0,sa is the fugacity 
coefficient at saturation (usually unity; corrects for deviations 
of the saturated vapor from ideal-gas behavior), v s is the molar 
volume of the solid, and the exponential term is known as the 
Poynting correction, which accounts for the compression of the 
solid to a pressure P greater that P_s (usually 1-10 for 
typical solutes). The assumption of equilibrium requires the 
equality of equations 4-2 and 4-3 which may be rearranged to 
yield the following expression for the solubility of the solute 
in the f lu id phase, 
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_sat .sat 
P2 «2 exp 
v* (P - p 9 a t ) 
RT 
( 4 - 4 ) 
*2 P 
Due to the greatly enhanced s o l u b i l i t i e s in the supercr i t i ca l 
region, the solute fugacity coe f f i c i en t becomes extremely small . 
The primary d i f f i c u l t y in correlat ing the so lut ion behavior of 
the supercri t ical phase i s f inding a su i table expression for the 
so lute fugacity coe f f i c i en t . This study u t i l i z e d four equations 
of s tate to calculate th i s quantity. 
The equations of s tate used here were of two di f ferent 
types, cubic and perturbed hard-sphere. The Peng-Robinson (PR) 
equation (Peng and Robinson, 1976) i s representat ive of 
two-constant cubic equations of s t a t e . I t i s shown in i t s 
pressure e x p l i c i t form as fo l lows, 
P = RT a(T) 
v v(v + b) + b(v-b) 
( 4 - 5 ) 
For the perturbed hard-sphere models, two equations were 
studied. First, the Carnahan-S tar ling-van der Waals (CSVDW) 
equation which utilized an expression developed by Carnahan and 
Starling (1969, 1972) for nonattracting hard-spheres as the 
repulsive term and a simple van der Waals attraction term. The 
following is the pressure explicit form of the CSVDW, 
RT (1 + £ + t 
(1 - * ) ; 
) (4-6) 
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where, 
£ = (4-7) 
The second PHS equation studied was the Augmented van der 
Waals (AVDW4) equation which uses the same repulsive expression 
as the CSVDW equation but includes a more sophisticated 
attractive expression that was developed from the molecular 
dynamics studies (Alder, et al., 1972) of attractive 
hard-spheres. The form of the Augmented van der Waals equation, 
AVDW4, investigated here includes all the Alder terms and 
therefore, does not use the fluid compressibility, which requires 
very good density data over the supercritical region, as does the 
truncated version of Johnston, et al. (1982). The pressure 
explicit form of the AVDW4 is, 
P = RT U + £ + £ S ) + RT 
(1 - * ) ' 
4 
n = l RT 
(4-8) 
where e i s the energy terra and 
M 
s. - E 
m = l 
m A £ 
nm 
m+1 (4-9) 
which represents the terms from Alder's simulation. 
The normal quadratic mixing rules for the energy parameters 
and the linear combination rule for the volume term were chosen 
for this study. Despite the sensitivity of the calculation of 
the fugacity coefficients of mixture components, using equations 
of state, to the mixing rules used to relate the mixture 
properties to the pure component properties, it was felt that 
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this simple method would be effective for this type of analysis. 
Previous efforts to utilize density-dependent mixing rules with 
the PR equation did not appear to yield significant advantages to 
systems on which it was applied (Ellison, 1986). 
These mixing rules were simplified even further for use in 
the hard-sphere equations by assuming infinite dilution. This 
assumption precluded the determination of pure component 
parameters for the solutes and is generally considered valid 
since most of these systems are reasonably dilute, generally less 
than 10 mole fraction. In addition, for each solvent, an 
effective volume parameter, be , was determined for the complete 
series of solutes studied in that particular solvent. A cross 
energy parameter was also calculated for each solute-solvent 
system at a given temperature. Therefore, this analysis yields 
1H adjustable parameters per binary system. 
The normal quadratic mixing rules were used with the PR 
equation. Unfortunately, many of the critical properties of 
solutes being investigated were unavailable in the literature 
and, therefore, had to be estimated using, for example, 
Lyderson's method (Reid, et al., 1977). The deviation from the 
geometric mean for the cross-energy term was fit for each 
solute-solvent system studied. This parameter is in the form of 
ai2 " <ail a22>* <* ~ «12>- <4-10> 
where 5j is the interaction parameter which is actually 
correlated here. 
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The fourth equation used in th i s inves t igat ion was a 
modification to the Peng-Robinson equation, which shal l be ca l led 
the PR2 equation. This modification i s made so that the PR 
equation may be compared on an equal parameter basis with the PHS 
equations. An additional f i t was made u t i l i z i n g a volume 
deviat ion parameter for an ent ire solvent system, 
b = (Yjbj + y2b2) (1 - k y ) . (4-11) 
Just as in the case of b e f f, a kv was fit for each of the 
solvents studied here. It was in this manner, that the lfe 
parameter cubic PR2 equation could be effectively compared with 
the hard-sphere equations. 
In table 4-1 the correlation results are shown for the 
entire set of data studied here. It is clear that the lowest 
absolute average deviations (AAD) are for the AVDW4 and the PR2. 
For the two variations of the PR equation, the volume term is 
calculated from critical data. For each of the PHS equations, a 
volume term is fit from the experimental data. A comparison of 
the volume terms and the volume deviation parameters of the PR2 
equation are listed in Table 4-2. A more complete reporting of 
the correlated parameters can be found in Appendix B. 
In an effort compare the capabilities and limitations 
involved with each of the equations, several figures that are 
representative of the study are presented. Figures 4-7 to 4-10 
show the solubility of anthracene in butane. In figures 4-7 and 
4-8 the PR equation is compared with the modified version, PR2. 
It is evident that the modified PR2 equation does a better job at 
correlating the correct behavior. This is most evident when 
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observing figure 4 -8 , which i s a p l o t of the log of the 
enhancement f ac to r as a funct ion of dens i t y , t he r e s u l t s from the 
PR equat ion do no t f i t the data wel l . Notice here t ha t the lower 
temperature has higher enhancement f a c t o r s as expected when the 
inf luence of the vapor p ressure i s removed. In f igure 4-9 i t i s 
evident tha t the AVDW4 equat ion works b e t t e r t h a t the PR equation 
in f i t t i n g the d a t a . The r e s u l t s from figure 4-10 show t h a t the 
add i t i ona l M parameter in t h e PR2 equat ion y i e l d s almost 
i d e n t i c a l r e s u l t s t o the PHS equation AVDW4. 
Figures 4-11 to 4-14 a r e p lo t s of the s o l u b i l i t y of 
thioxanthone in butane . In both f igu res 4-11 and 4-12 t h e PR 
equation does a poorer job in represent ing the data than the PR2 
equation and CSVDW equation, r e spec t i ve ly . The l i m i t a t i o n s in 
the PR equation a r e evident in f igure 4-3 where i t cons i s t en t ly 
p r e d i c t s a lower value for the enhancement f ac to r that t h e CSVDW 
equat ion, a d d i t i o n a l l y the PR equation r e s u l t s f a l s e ly exh ib i t a 
curva ture in the enhancement factor a s a function of d e n s i t y . 
The comparison of both of t h e PHS equat ions in f igure 4-14 shows 
tha t while they a r e be t te r than the PR equation there a r e 
d i f fe rences that must be taken into c o n s i d e r a t i o n . But even the 
hard-sphere equat ions have problems wi th the po la r so lven t 
ammonia. In f i gu re 4-15 t h e CSVDW equat ion prominently exh ib i t s 
a fa l se maximum whi le the AVDW4 equat ion show s igns of a s l i g h t 
maximum. This d i f f i c u l t y i s even more evident in f igure 4-16 as 
the p lo t of the f i t of the log enhancement fac tor versus densi ty 
e x h i b i t s d i s t i n c t curvature which i s no t present in the d a t a . 
Resul ts for t h e carbon dioxide systems a r e shown i n figures 
4-17 to 4-20. For dibenzofuran in carbon dioxide the CSVDW 
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equation performs much better that the PR equation, figure 4-17. 
The comparison of the AVDW4 equation with the modified PR2 
equation in figure 4-18 shows that the AVDW4 equation fares 
only slightly better than the PR2 equation. This fact is 
underscored in the enhancement factor plot, figure 4-19. The 
classic problem that is associated with the PR equation is its 
tendency to predict a false maximum in solubility as the density 
increases. This is illustrated very clearly in figure 4-20. The 
ability of the modified PR2 to overcome this difficulty is also 
evident in this figure. 
It is apparent, from the results presented, that if the 
equations are compared on an equal parameter basis that they tend 
to represent the data equally well. Of the two hard-sphere 
equations investigated the AVDW4 generally works better than the 
CSVDW. In addition, the PR2 equation, with its additional 
solvent parameter, work as well as the AVDW4 equation. As 
expected, the PR equation with only one adjustable parameter • 
yields the poorest results. 
The phenomena of enhanced solubility in supercritical 
fluids is due to the near-criticality of the solvent. In this 
region of criticality, the solvent is extremely compressible and 
thus, the significant density changes that occur induce large 
variations in the solubility. Due to the generally inferior 
performance of the cubic equations in representing the P-v-T 
properties in the critical region it is not totally surprising 
that the PR equation, with its single adjustable parameter, does 
not represent the data well. It appears that its one adjustable 
parameter does not furnish enough leeway to compensate for this 
inadequacy. Despite the ability of cubic equations of represent 
volumetric fluid behavior they do not seem responsive enough to 
be able to represent binary solubility behavior in the 
compressible region and then extend this representation to the 
dense fluid region. 
The main difficulty in the use of hard-sphere equations is 
that they do not calculate P-v-T properties very well. In 
addition, the PHS equations have difficulties representing pure 
fluid compressibilities. However, the hard-sphere equations 
represent solubility behavior very well particularly at lower 
reduced temperatures and region of low solubility. The only 
difference between the CSVDW and the AVDW4 equations is the term 
each utilizes for the attractive potential. The better overall 
performance of the AVDW4 equation accentuates the significance of 
the attractive term in the supercritical region. 
The assumptions involved in using the equations of state to 
represent the solubility data pale by comparison to the 
simplifications assumed when using the quadratic mixing rules. 
While these simple methods for combining pure component 
properties do not work particularly well, the more sophisticated 
methods, e.g. density-dependent mixing rules, perform less than 
spectacularly. As previously discussed, these simple mixing 
rules were developed for components that are similar in molecular 
size, shape and energy, e.g. petroleum fractions. Unfortunately, 
most supercritical systems simply do not meet these criteria. 
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Table 4-1 
Corre la t ion R e s u l t s of S o l u b i l i t y Data 
Absolute Average Deviat ion (xlOOK) 
So lvent PR PR2 CSVDW AVDW4 
Carbon Dioxide 
Butane 
Ammonia 
Overall 
38.0 
32.1 
12.1 
27.4 
32.4 
27.9 
11.3 
23.9 
30.1 
32.6 
30.9 
31.2 
30.6 
20.4 
16.6 
22.5 
AAD = 
npts 
n=l 
EXP PRED I , EXP 
y - y / y 
npts 
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Table 4-2 
Volume Parameters for Equations 
S o l v e n t 
Carbon D i o x i d e 
Butane 
Ammonia 
t^ M v u n « 
1 8 . 5 
4 8 . 8 
1 5 . 4 
. u » o v o n 
b 
1 9 . 7 
5 0 . 8 
1 6 . 0 
b™ 
2 6 . 7 
7 2 . 4 
2 3 . 3 
k 
V 
- . 4 5 3 
+ . 1 6 2 
+ . 0 3 0 
6 3 
0.16 
0.12 H 
o 
< 
Lx-
Ld 
o 0.08 
UJ 
I— 
_J 
o 
m 
0.04 H 
0.00 
100 150 
PRESSURE (BARS) 
250 
Figure 4-1 So lub i l i t y -p re s su re isotherm for Xanthone in 
Butane a t 157°C. 
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Figure 4-2 Solubility-pressure isotherms for 
Dodecahydrotriphenylene in Ammonia. 
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Figure 4-3 Solubility-pressure isotherm for Triphenylene in 
Ammonia at 142°C. 
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Figure 4 -4 Solubility-pressure isotherms for 
Dibenzothiophene in Carbon Dioxide. 
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Figure 4 -5 Enhancement factor-density isotherms for 
Dibenzothiophene in Carbon Dioxide. 
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Figure 4-6 Solubility-pressure isotherm for 
6,l3-Dihydrodibenzo[b,i]phenazine in Ethanol 
at 275°C. 
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Figure 4-7 Corre la t ions of t h e s o l u b i l i t y of Anthracene i n 
Butane, I . 
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Figure 4-8 Correlations of the enhancement factors of 
Anthracene in Butane. 
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Figure 4-9 Correlations of the s o l u b i l i t y of Anthracene in 
Butane, I I . 
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Figure 4-10 Correlations of the so lub i l i ty of Anthracene in 
Butane, III . 
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Figure 4-11 Correlations of the so lub i l i ty of Thioxanthone 
in Butane, I . 
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Figure 4-12 Correlations of the s o l u b i l i t y of Thioxanthone in Butane, I I . 
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Figure 4-13 Correlations of the enhancement factors of 
Thioxanthone in Butane. 
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Figure 4-14 Correlations of the solubility of Thioxanthone 
in Butane, III. 
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Figure 4-15 Correlations of the solubility of Anthracene in 
Ammonia. 
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Figure 4-16 Correlations of the enhancement factors of 
Anthracene in Ammonia. 
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Figure 4-17 Correlations of the solubility of Dibenzofuran 
in Carbon Dioxide, I. 
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Figure 4-18 Correlations of the solubility of Dibenzofuran 
in Carbon Dioxide, II. 
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Chapter V : Three-Phase Equilibria 
Many SCF processes involve extraction from solids of 
adsorbed materials, and it is generally valid to neglect 
solubility of the SCF in the denser phase. However, when 
extraction is from a liquid, SCF solubility may be large, 
especially at the higher pressures, and this effect plays an 
important role. In this region of high solubility, we are 
greatly removed from the Henry's law region and therefore, a more 
sophisticated approach is necessary to predict such solubilities. 
It is important to note here that as long as we are removed from 
the dilated region we can treat this situation as a normal liquid 
and thus straightforward thermodynamic methods may be employed. 
In this work, we shall illustrate these phenomena by the 
phase behavior of a class of binary mixtures which contain a 
well-characterized heavy solid component and a lighter SCF, where 
fluid solubility in the liquid phase has a strong effect on the 
melting point depression of the solid (McHugh and Yogan, 1984). 
From figure 5-1, we can see that the melting point of the heavy 
component, TM„, is greater than the critical temperature, Tri , 
for the light SCF component. This figure exhibits a typical 
pressure-temperature diagram for a binary mixture of "similar" 
components, e.g. ethylene - p-dichlorobenzene. The lines CD and 
MH are the pure component vapor pressure curves, with D and H the 
critical mixture curve, which represents the different mixture 
compositions, that runs continuously from H, the heavy 
component's critical point to D, the light component's critical 
point. The line EM represents the pure heavy component's 
sublimation curve. The melting curve for the heavy component, 
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MN, shows a melting point depression at elevated pressures, due 
to the solubility of the light component in the heavy liquid 
phase. The melting point depression is exhibited by the line MF 
in figure 5-1, which represents the three phase solid - liquid -
fluid equilibrium. An appreciable melting point depression may 
be observed if the solubility of the light component in the 
liquid phase is large. 
There are different types of phase behavior possible if the 
pressure is increased isothermally at a temperature between TC1, 
and TM2, to a pressure greater than the three phase pressure. 
This is dependent on the mixture composition: If the 
concentration of the heavy component is small, then we have 
liquid-gas equilibrium in existence above the three phase 
pressure until the critical mixture curve, DH, is reached. Above 
this curve a single fluid phase exists. If, however, the 
concentration of the heavy component in the mixture is 
significantly larger than the previous example, solid - fluid 
equilibrium persists at all pressures above the three-phase 
pressure. 
The interest is greatest for asymmetric systems, i.e. a 
binary mixture where the heavy component is appreciably different 
from the light component in molecular size, shape, structure and 
critical properties. Generally, the melting point of the heavy 
component is much greater than the light component's critical 
temperature. This type of phase behavior is shown in highly 
asymmetric binary mixtures as exhibited in figure 5-2, and an 
example of such a system would be ethylene - naphthalene. For 
this figure, the pure-component equilibrium curves have the same 
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notation as described in figure 5-1. The melting curve, MN, 
exhibits a small melting point depression due to the limited 
solubility of the light component in the liquid phase. At 
elevated pressures, there are two intersections between the 
solid-liquid-gas (S-L-G) melting point depression curve and the 
critical mixture curve, the upper critical end point (UCEP) and 
the lower critical end point (LCEP). It is at these two 
intersections that the liquid and gas phases of the S-L-G melting 
point depression curve coalesce into a single fluid phase in the 
presence of excess solid (Diepen and Scheffer, 1948). The 
solubility of the heavy component in the supercritical fluid 
phase can be quite substantial at the UCEP. Between the two 
distinct branches of the S-L-G equilibrium curve, solid-gas 
equilibrium exists at all pressures. 
The model that will be presented will show that by using 
simple, straightforward thermodynamics, provided we are 
sufficiently removed from a critical end point, (i.e. we are 
dealing with a normal liquid), we may model successfully 
three-phase equilibrium for binary mixtures. 
To model such systems we must recognize that we have a 
two-component, three-phase system, giving the equilibrium 
equations, 
fj = t\ = fj (5-la) 
f2 - f2 = f2 <5~lb> 
In this work all systems studied show very low solubility 
of the heavy component (2) in the fluid, especially away from the 
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UCEP. Therefore, we s impl i fy t h e c a l c u l a t i o n by assuming i n the 
f l u i d phase y. ~ 1. Likewise, we assume n e g l i g i b l e s o l u b i l i t y of 
the l i g h t component (1) in the s o l i d phase. These e q u a t i o n s 5-1 
are s i m p l i f i e d to 
f\ = f* ( 5 - 2 a ) 
f 2 - f 2 ( 5 - 2 b > 
N e i t h e r assumption i s n e c e s s a r y and c e r t a i n l y e i t h e r or 
both c o u l d be re laxed a t some p o i n t in the f u t u r e . We now s o l v e 
equat ions 5-2 for the P-T-x t r a c e of the m e l t ing point l i n e , by 
c h a r a c t e r i z i n g the f u g a c i t i e s i n each phase. 
The f l u i d phase fugac i ty of component 1 was c a l c u l a t e d by 
i n t e g r a t i n g P-V-T data for the pure l i g h t component, i . e . 
I f j = Yt P ( z " 1 } dP ( 5 - 3 ) 0 P 
It is also possible to use an equation of state to 
calculate the fugacity coefficient and thus the fugacity of the 
fluid phase; however, this integration technique was simpler to 
use for binary systems. An equation of state scheme would have 
to be used in a multicomponent system because we could no longer 
assume Yj is unity. 
r 
The light component's liquid phase solubility, x - , 
provided we are removed from the dilated region is given by, 
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xj = I (5-4) 
L ^L,0 
rt fj * exp 
vj < P - Pr) 
RT 
In this expression, the activity coefficient of the light 
component in the liquid, r ,, is calculated using regular 
solution theory. The reference liquid phase fugacity, f ' , is 
found from the correlation of Chao and Seader (1961), which was 
developed for vapor-liquid equilibrium within the framework of 
Pitzer's principle of corresponding states. The exponential term 
is the Poynting correction for high pressure. The molar liquid 
volume of the light component, v , in the Poynting correction is 
from low pressure data. However, as we approach the dilated 
region this value will expose some of the limitations in this 
treatment, as the molar liquid volume diverges significantly from 
the low pressure values and therefore the Poynting correction 
becomes more important. There are some correlations available 
that allow calculation of the molar volumes in the dilated 
region, but they are relatively imprecise and not necessary for 
present purposes. 
We will now turn our attention to the heavy component. For 
the solid phase fugacity of the heavy component we use the 
sublimation or vapor pressure. The values that are used come 
from the literature, if available, or from an apparatus developed 
in our lab for the measurement of organic compounds with low 
volatility (Hansen and Eckert, 1986). A Poynting correction is 
included in the following fugacity expression. 
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.sat 
exp 
vj ( P - PSat ) 
RT 
(5-5) 
The fugacity of the heavy component in the liquid phase is 
given by the equation, 
L L
 fhyp 
exp 
vj ( P Pr ) 
RT 
(5-6) 
where 7 2^' t n e activity coefficient, is calculated from 
regular solution theory. However, one could certainly use other 
approaches such as, for example, either the Wilson or Van Laar 
equations. The solubility of the heavy component in the liquid 
r r 
phase, X. , comes from the previous calculations of x . The 
Poynting correction here includes the molar liquid volume of the 
heavy component, v_ , which also diverges from its low pressure 
value as the dilated region is approached. The hypothetical 
liquid reference fugacity for the heavy component, f„ *™ is 
calculated from the Lyckman correlation for reference liquid 
fugacities (Lyckman, et al, 1964). The definition that we are 
using for hypothetical liquid is that the heavy component be 
considered as a subcooled liquid, see figure 5-3. 
Now we are in a position to calculate the actual melting 
point temperature. First, we solve the following equation for T, 
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In Ah 
fus 
"m 
L L 
X2 r2 RT 
1 
T 
(5-7) 
where T represents the freezing point of the heavy 
component at atmospheric pressure and Ah fus 
m 
is the enthalpy of 
fusion at T . In equation 5-7, we are neglecting second order 
terms, i.e. AC , etc. This assumption actually is stating that 
fus Ah * f(T). A correction term for elevated pressure is added 
to the calculated temperature of melting, 
dT 
dP 
p T Av fus 
m (5-8) 
Ah fus 
where Avmfus is the molar volume change on fusion at Tm. 
The variable Av m f u s includes the parameter v,,L, which we adjust 
to within the relative uncertainty of reported values from the 
literature (Weast, 1983; Reid, et al., 1977). Therefore, 
although we have a slightly adjustable parameter, the situation 
we exhibit in our calculation is very realistic. 
After all these values have been calculated we must check 
to see if an equilibrium condition has been reached. The 
algorithm that was used in our calculations was one of several 
that we tested. It involved first picking a value of P and then 
solving successively for T and x. . All of the other algorithms 
exhibited instabilities that prohibited their use. One of the 
reasons for these instabilities was that these calculations 
require that three variables, liquid phase composition, 
temperature and pressure, be solved for simultaneously. This 
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type of equilibrium condition is very difficult to solve for. 
The results of this study are in two parts, three-phase 
lines on a pressure-temperature diagram and composition of the 
liquid phase as a function of pressure. We shall first present 
the pressure-temperature traces for the three-phase S-L-G 
equilibrium line. For the carbon dioxide and hydrocarbon systems 
shown in figure 5-4, we see excellent agreement between the data 
and predictions. The naphthalene - carbon dioxide data (McHugh, 
1981; McHugh and Yogan, 1984; Cheong, et al., 1986) exhibit an 
UCEP at 252.7 atm and 333.2 °K. The biphenyl - carbon dioxide 
data (McHugh, 1981; McHugh and Yogan, 1984; Cheong, et al., 1986) 
show an UCEP at 469.0 atm and 328.2 °K. For the octacosane -
carbon dioxide system (McHugh and Yogan, 1984; McHugh, et al., 
1984) an UCEP was not determined experimentally due to the 
pressure limits on the view cell. 
The pressure-temperature traces for the ethylene -
hydrocarbon systems are shown in figure 5-5. For the 
naphthalene - ethylene data (Diepen and Scheffer, 1948; 
van Gunst, et al., 1953; van Welie and Scheffer, 1961) no UCEP 
was determined experimentally. The biphenyl - ethylene system 
(Diepen and Scheffer, 1978; McHugh and Yogan, 1984) exhibits an 
UCEP at 225.5 atm and 314.7 °K. The octacosane - ethylene system 
(Diepen and Scheffer, 1948; McHugh and Yogan, 1984) shows an UCEP 
at 205.4 atm and 316.1 °K. And finally, in figure 5-6, for the 
naphthalene - xenon system (Krukonis, et al., 1984) there was no 
UCEP determined experimentally. 
A feature that is unique to the carbon dioxide-hydrocarbon 
systems is the temperature minimum in the S-L-G line which occurs 
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Kith all three of the compounds studied. As the pressure 
increases, the S-L-G line begins with a negative slope (i.e. 
dP/dT < 0), it then passes through a temperature minimum, and 
then continues with a positive slope to the UCEP. It has been 
shown (De Swaan Arons and Diepen, 1963) that this temperature 
minimum is a result of limited solubility of carbon dioxide in 
liquid heavy hydrocarbons and the influence of the pure component 
melting curves for hydrocarbons. 
The importance of this result is in the interpretation of 
the solid solubility behavior for these systems. The solubility 
behavior for systems which exhibit a temperature minimum in S-L-G 
equilibrium line is significantly different from those systems 
which do not exhibit the temperature minimum phenomena. For 
example, in the carbon dioxide systems, the solubility of the 
heavy solid in the supercritical fluid initially increases 
dramatically near the UCEP as the pressure increases 
isothermally. But, as the pressure exceeds that of the UCEP the 
solubility decreases precipitously (van Welie and Diepen, 1963; 
McHugh, 1981, McHugh and Paulaitis, 1980). However, for the 
ethylene - solid hydrocarbon and the xenon - naphthalene systems, 
where there is no (or a very small) temperature minimum in the 
S-L-G line, the solubility of the heavy solid in the 
supercritical fluid phase increases sharply as the pressure is 
increases isothermally in the vicinity of the UCEP. Conversely, 
the solubility continues to increase above the UCEP until, at a 
higher pressure, a limiting value is reached. Above this 
limiting pressure, the solubility will decrease but in a less 
precipitous fashion compared to the carbon dioxide systems. 
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The second r e s u l t from our calculat ions i s that we show two 
examples of the s o l u b i l i t y of the l ight component in the l iqu id 
phase as a function of pressure, ethylene - naphthalene in figure 
5-7 and xenon - naphthalene in figure 5 -8 . In both systems, the 
s o l i d l i n e s show sharp increases in l i gh t component s o l u b i l i t y as 
t h e pressure i s e levated . However, as we approach the d i la ted 
region the curves break over, the dashed l i n e s . This i s not 
r e a l i s t i c and shows the l imitat ions of the treatment as the 
l i q u i d approaches i t s c r i t i c a l point . If the so l id l i n e s were 
extrapolated to the previously, the use of correlations for the 
molar l iquid volumes i n the d i l a t e d region may a l l e v i a t e some of 
t h e problem, but for our purposes here i t i s unnecessary. 
Several conclusions may be reached when analyzing the 
r e s u l t s of t h i s study. First , in l iqu id- f lu id systems at 
s u p e r c r i t i c a l conditions the s o l u b i l i t y of the f lu id in the 
l i q u i d can be quite large and thus , have a s izeable e f f ec t on the 
thermodynamic properties . Second, provided that one i s removed 
from a c r i t i c a l end po in t , the l iquid may be treated as a normal 
l i q u i d and by standard methods. Another conclusion i s that 
s imple, standard thermodynamic techniques have been used to 
represent complex three-phase behavior in so l id - l iquid -
s u p e r c r i t i c a l fluid systems, including the s o l u b i l i t y of the 
l i g h t component in the l iquid, and away from the d i la t ed region 
t h e s e techniques are success fu l . Lastly, our treatment was 
s p e c i f i c for binary systems; however, these methods provide 
extension t o multicomponent and multiphase supercri t ical f lu id 
systems in a straightforward manner. 
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Chapter VI : Conclusions and Recommendations 
A major accomplishment of this work is the presentation of 
new data for solvents with higher critical temperatures than 
previously investigated. Data is presented for studies with the 
pure solvents butane, ammonia, and ethanol. In addition, new 
systems were studied with supercritical carbon dioxide as an 
expansion of the solubility data base for model coal compounds. 
For binary supercritical systems the solubility behavior of 
heterocyclic organic compounds, polar or non-polar, behave very 
similarly in the same fluids. Additionally, the solution 
behavior of these compounds is not much different in polar 
solvents. It may be that in the systems studied here the slight 
polarity of the solute does not appreciably affect the solubility 
behavior in non-polar fluids. However, it is important not to 
ignore the effects of chemical interactions in a supercritical 
fluid in order to tailor a solvent for a specific separation. 
It has been shown that if an equation of state is used to 
correlate supercritical solubility data, then equations with the 
same number of adjustable parameters, regardless of their 
derivation, perform equally well in their representation of the 
data. The different equations, however, exhibit slight 
disparities in their qualitative representations of the 
correlation but the numerical results are quite similar. 
In particular, the cubic equations of state, with only one 
adjustable parameter, perform poorly in representing the critical 
region and therefore, do not represent the solubility data very 
well in the region of near-criticality. However, their ability 
to represent the solution behavior improves at temperatures 
appreciably greater than the critical temperature and at 
increased solubilities. The perturbed hard-sphere equations, 
which include a better representation of the attractive 
potential, perform much better in the near-critical region. In 
addition, the slightly better representation of solubility 
behavior with the AVDW4 equation over the CSVDW exhibits the 
significance of improved characterization of the attractive 
forces in the supercritical region. 
Another part of this study was the modeling of the 
three-phase, solid-liquid-fluid, equilibria. The first 
conclusion that may be drawn from this investigation is that at 
supercritical conditions in liquid-fluid systems the solubility 
of the liquid in the fluid can be substantial and thus, have a 
sizeable effect on the thermodynamic properties. Second, the 
liquid may be treated as a normal liquid and by standard methods 
provided that one is removed from a critical end point. Further, 
simple, standard thermodynamic techniques have been used to 
represent the complex three-phase behavior in solid - liquid -
supercritical fluid systems, including the solubility of the 
light component in the liquid, and away from the dilated region 
these techniques are successful. Lastly, this treatment was 
specific for binary systems; however, these methods proviae 
extension to multicomponent and multiphase supercritical fluid 
systems in a straightforward manner. 
In order to utilize fully the potential of supercritical 
fluids for performing difficult separations it is necessary to 
develop an easier method for adding some degree of selectivity to 
the bulk supercritical fluid. Typically, a small polar molecule 
that is added as an entrainer will provide some selectivity. But 
the major obstacle is finding an easy method of adding one or 
more entrainers to the fluid in order to tailor a supercritical 
fluid for a specific separation. If an experimental technique is 
developed that will allow adequate control of the concentration 
of the entrainer(s), increased commercial applications of 
supercritical fluid technology will occur. 
As discussed in chapter 4, the main source of error in the 
measurement of solubility occurs due to the micrometering valve. 
One method to overcome this difficulty will be attempted soon in 
our lab. It involves the use of a gas chromatograph to measure 
the high temperature, high pressure samples. Another technique 
that could prove useful is the use of an on-line ultraviolet 
spectrophotometer that would have a variable wavelength such that 
solute mixture and/or entrainer concentrations could be measured. 
These techniques should lead to much more repeatable experiments 
and thus more accurate measurements. 
As for coal related systems two things should be studied: 
First, the use of entrainers with some intermediate temperature 
solvents, e.g. butane and ammonia, should be investigated. The 
entrainers should include the standards methanol and acetone as 
well as some new ones, e.g. acetonitrile, some ethers, some 
diols, and other compounds that take advantage of particular 
chemical interactions, such as Lewis acid-base reactions. 
Second, the study of some new sulfur or nitrogen containing 
compounds would improve the data base and perhaps improve the 
correlations as well. Examples of these compounds might include 
4,5 diphenylimidazole, diacenapthothiophene, and 
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2-thiophenecarboxamide. In addi t ion to these sulfur and nitrogen 
containing compounds new s tud ies should a l so include compounds 
with other functional groups. 
Additional classes of so lu tes to be investigated should 
include bio-molecules and polymers. For bio-molecules i t i s 
imperative tha t a non-toxic solvent or entrainer-doped solvent be 
used in order to easily meet the regulatory conditions of the 
federal government. Some of the applications contemplated are 
the separation of amino acids, s teroids , and other heat l ab i le 
compounds. The use of supercr i t i ca l ethanol for separating high 
melting temperature amino ac ids , e.g. adenine and guanine, should 
be studied next . Another in te res t ing c lass of molecules are 
polymers. I t would be useful t o be able t o select ively remove 
the undesirable components from a mixture of polymers. A lot of 
t h i s work that i s being contemplated is s t i l l far in the future, 
however, there must be suff ic ient groundwork laid before advanced 
applications may be tested. 
Improvements in modeling efforts for supercr i t ica l 
so lub i l i ty should proceed in the following areas. F i r s t , new 
equations of s t a t e should be u t i l i z e d that include methods for 
the representation of associat ion effects, par t icular ly in 
entrainer-doped fluid systems. A second improvement could be 
made if the in terac t ion parameter, 8*ot °f * n e Peng-Robinson 
equation, i s correlated in a s imilar manner to the correlat ions 
of the cross energy parameters of the perturbed hard-sphere 
equations. The next, and perhaps most important, opportunity for 
improvement of the representation of supercr i t i ca l so lub i l i ty i s 
in the area of mixing rules. As discussed ea r l i e r , the major 
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assumption utilized is the validity of the quadratic mixing rules 
on such asymmetric systems as those studied here. The 
development of new mixing rules that more adequately account for 
the asymmetry of supercritical systems would be a major 
breakthrough. Some of the variable, or density dependent, mixing 
rules have not yield significant improvements over the quadratic 
mixing rules. 
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Appendix A 
Solubility Results 
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Table A-l 
Critical Properties 
Solvent 
Carbon Dioxide 
Butane 
Ammonia 
Ethanol 
Tc(K) 
304.2 
425.2 
405.6 
516.2 
P (Bars) 
C 
73.8 
38.0 
112.8 
63.8 
v (cm /gmol) 
c 
94.0 
255.0 
72.5 
167.0 
(0 
.225 
.193 
.250 
.635 
Solute Tc(K) P (Bars) c u> 
Anthracene 
Thioxanthone 
Xanthone 
Dibenzofuran 
Dibenzothiophene 
Thianthrene 
Dodecahydrotriphenylene 
Triphenylene 
883. 
909. 
873. 
810. 
881. 
922. 
991. 
962. 
29.0 
31.2 
31.6 
32.0 
31.6 
30.8 
19.9 
23.9 
.426' 
566' 
.598" 
.437* 
.494* 
,435' 
.581* 
.557" 
* - Estimated using Lyderson's method 
§ - Estimated using Edmister's method 
Table A-2 
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Solubilities for Carbon Dioxide Systems 
P(bars) 
104.4 
118.2 
138.7 
207.9 
276.8 
345.7 
35 
102p 
1.74 
1.82 
1.98 
2.09 
2.17 
Dibenzofuran 
°C 
4 
10*y 
28.48 
30.54 
55.36 
58.78 
81.70 
50 
102p 
.97 
1.18 
1.47 
1.79 
1.95 
2.04 
°C 
104y 
10.54 
24.86 
40.36 
52.06 
101.4 
115.9 
70 
102p 
.61 
.76 
1.03 
1.53 
1.74 
1.87 
°C 
104y 
3.593 
4.379 
14.46 
76.08 
238.0 
406.8 
D1benzothi ophene 
35°C 50°C 70°C 
P(bars) 
104.4 
118.2 
138.7 
207.9 
276.8 
345.7 
414.7 
102p 
1.66 
1.74 
1.82 
1.98 
2.09 
2.17 
2.22 
4 
10*y 
4.618 
4.885 
7.665 
10.80 
11.27 
13.03 
16.28 
102p 
.97 
1.18 
1.47 
1.79 
1.95 
2.04 
104y 
.5476 
2.854 
7.634 
11.21 
13.05 
14.05 
102p 
.61 
.76 
1.03 
1.53 
1.74 
1.87 
104y 
.6813 
1.411 
3.963 
16.07 
31.53 
38.00 
Thianthrene 
50°C 70°C 
P(bars) 
104.4 
118.2 
138.7 
207.9 
276.8 
345.7 
102p 
.97 
1.18 
1.47 
1.79 
1.95 
4 
lo*y 
.0911 
.3136 
.7288 
1.750 
1.834 
P [ = ] 
102p 
.61 
.76 
1.03 
1.53 
1.74 
1.87 
g-mol/cm3 
104y 
.0670 
.1337 
.4196 
2.292 
3.556 
4.523 
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P(bars) 
35. 
44. 
52. 
69. 
104 
190 
207 
49 
45 
72 
96 
.4 
.6 
.9 
P(bars) 
P(bars) 
35. 
44. 
52. 
69. 
104 
138 
207 
49 
45 
72 
96 
.4 
.9 
.9 
Table A-3 
Solubilities for Butane Systems 
Anthracene 
162°C 182°C 
102p 
1.65 
3.95 
5.67 
6.45 
7.15 
7.90 
104y 
12.90 
242.2 
363.1 
496.8 
728.7 
785.1 
102p 
1.36 
3.16 
5.29 
6.47 
4 
10 y 
28.17 
384.7 
1054. 
1122. 
Thioxanthone 
162°C 
102p 
1.65 
3.95 
5.67 
6.45 
7.50 
7.97 
4 
10*y 
7.448 
45.05 
113.8 
231.4 
278.1 
310.3 
102p 
1.79 
5.38 
6.09 
6.68 
7.26 
7.62 
8.10 
104y 
16.08 
489.1 
689.1 
784.8 
1036. 
1264. 
1430. 
7.63 1426. 
182°C 
102p 
1.36 
2.05 
3.16 
5.29 
6.47 
7.00 
104y 
9.079 
29.69 
67.10 
218.9 
463.5 
726.2 
3 5 . 4 9 
4 4 . 4 5 
5 2 . 7 2 
6 9 . 9 6 
1 0 4 . 4 
1 3 8 . 9 
2 0 1 . 0 
2 0 7 . 9 7 . 6 3 8 3 4 . 8 
Xanthone 
157°C 
P l-l g-mol/cm 
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Table A-4 
Solubilities for Ammonia Systems 
Anthracene 
142°C 162°C 
P(bars) 102p 104y 102p 104y 
P ( b a r s ) 
1 2 8 . 6 
1 3 8 . 9 
1 7 3 . 4 
2 0 7 . 9 
2 7 6 . 8 
3 4 5 . 7 
P ( b a r s ) 
128 
138 
173 
207 
276 
.6 
.9 
.4 
.9 
8 
1 2 8 . 6 1 . 0 4 2 5 . 3 1 . 6 0 1 2 . 0 4 
1 3 8 . 9 . 72 1 3 . 5 3 
1 4 5 . 8 
1 7 3 . 4 2 . 1 3 1 7 7 . 3 1 .33 6 0 . 8 3 
2 0 7 . 9 2 . 3 3 1 8 4 . 5 
2 7 6 . 8 2 . 5 3 2 1 9 . 3 2 . 2 2 2 8 7 . 5 
3 4 5 . 7 2 . 6 6 2 3 4 . 6 2 . 4 2 3 8 6 . 4 
Dodecahydrotriphenylene 
162°C 182°C 
102p 
1.04 
1.32 
2.13 
2.33 
2.53 
4 
10*y 
1.929 
8.196 
16.38 
16.96 
17.36 
102p 
.60 
.72 
1.33 
1.81 
2.22 
2.42 
4 
10*y 
.7484 
1.108 
11.52 
23.07 
29.29 
36.45 
Tr i phenylene 
102p 
1.04 
1.32 
2.13 
2.33 
2.53 
P [=] g-
L42°C 
104y 
4.235 
27.09 
52.55 
87.73 
90.12 
i i 3 
•mol/cm 
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Table A-5 
Solubilities for Ethanol Systems 
6,13 Dihydrodibenzo[b,i]phenazine 
275°C 
P(bars) 
104, 
138, 
207, 
276, 
345. 
.4 
.9 
.9 
,8 
,7 
10°y 
2.803 
4.561 
9.852 
18.74 
22.95 
Table A-6 
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Enhancement Factors for Carbon Dioxide Systems 
P(bars) 
104.4 
118.2 
138.7 
207.9 
276.8 
345.7 
35 
102p 
1.74 
1.82 
1.98 
2.09 
2.17 
Dibenzofuran 
°C 
log E 
5.703 
5.797 
6.234 
6.375 
6.627 
50 
102p 
.97 
1.18 
1.47 
1.79 
1.95 
2.04 
°C 
log E 
4.494 
4.923 
5.202 
5.475 
5.904 
6.061 
70 
102p 
.61 
.76 
1.03 
1.53 
1.74 
1.87 
°C 
log E 
3.176 
3.313 
3.898 
4.799 
5.419 
5.747 
Dibenzothiophene 
35°C 50°C 70°C 
P(bars) 102p log E 102p log E 102p log E 
104.4 
118.2 
138.7 
207.9 
276.8 
345.7 
414.7 
1.66 
1.74 
1.82 
1.98 
2.09 
2.17 
2.22 
3.786 
3.865 
4.129 
4.446 
4.592 
4.737 
4.935 
.97 
1.18 
1.47 
1.79 
1.95 
2.04 
2.230 
3.012 
3.505 
3.843 
4.040 
4.160 
.61 
.76 
1.03 
1.53 
1.74 
1.87 
1.582 
1.958 
2.479 
3.245 
3.672 
3.849 
Thianthrene 
50°C 70°C 
P(bars) 
104.4 
118.2 
138.7 
207.9 
276.8 
345.7 
102p 
.97 
1.18 
1.47 
1.79 
1.95 
log E 
3.682 
4.274 
4.708 
5.266 
5.403 
102p 
.61 
.76 
1.03 
1.53 
1.74 
1.87 
log E 
2.584 
2.954 
3.523 
4.437 
4.752 
4.953 
P [=] g-mol/cm 3 
Table A-7 
Enhancement Factors for Butane Systems 
P(bars) 
35. 
44. 
52. 
69. 
104 
190 
207 
49 
45 
72 
96 
.4 
.6 
.9 
Anthracene 
162°C 
102p 
1.65 
3.95 
5.67 
6.45 
7.15 
7.90 
log E 
1.620 
2.988 
3.236 
3.515 
3.835 
4.134 
182°C 
102p 
1.36 
3.16 
5.29 
6.47 
log E 
1.515 
2.797 
3.378 
3.573 
Thioxanthone 
102p 
1.65 
3.95 
5.67 
6.45 
7.50 
7.97 
L62°C 
log E 
1.886 
2.754 
3.247 
3.676 
4.058 
4.265 
7.63 3.984 
182°C 
102p 
1.36 
2.05 
3.16 
5.29 
6.47 
7.00 
log E 
1.387 
2.003 
2.429 
3.064 
3.568 
3.881 
7.63 4.119 
p [=] g-mol/cm 
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Table A-8 
Enhancement Factors for Ammonia Systems 
Anthracene 
142°C 162°C 
P(bars) 102p log E 102p log E 
P [=] g-mol/cm 
1 2 8 . 6 1 . 0 4 2 . 9 5 6 . 6 0 2 . 1 4 6 
1 3 8 . 9 . 72 2 . 2 2 8 
1 4 5 . 8 
1 7 3 . 4 2 . 1 3 3 . 9 1 6 1 . 3 3 2 . 9 6 9 
2 0 7 . 9 2 . 3 3 4 . 0 2 2 
2 7 6 . 8 2 . 5 3 4 . 2 2 5 2 . 2 2 3 . 7 4 0 
3 4 5 . 7 2 . 6 6 4 . 3 5 2 2 . 4 2 4 . 0 8 2 
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T a b l e A-9 
Vapor Pressure of Thixanthone 
T(K) 
373. 
378 
388 
398 
408. 
418. 
423. 
2 
2 
2 
2 
2 
2 
2 
psat 
133 
415 
925 
2284 
5037 
9414 
11122 
(mPa) 
.6 
.9 
.5 
.6 
.7 
.5 
.2 
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Appendix B 
Corre la t ion Parameters 
117 
Table B-l 
Key to Symbols 
Solute Symbol 
Anthracene 
Thioxanthone 
Dibenzofuran 
Dibenzothiophene 
Thianthrene 
ANT 
THIO 
DBF 
DBT 
THIA 
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Table B-2 
Energy Parameters for Carbon Dioxide Systems 
Solute Temp 
308 
323 
343 
AVDW4 
612 / k 
798.0 
802.9 
830.6 
CSVDW 
a 1 2,10- 7 
1.459 
1.450 
1.487 
PR 
512 
-.0014 
-.0016 
-.0039 
PR2 
512 
.0485 
.0388 
.0106 
DBF 
DBF 308 
323 
343 
651.5 
621.6 
628.6 
1.194 
1.150 
1.150 
.2485 
.3101 
.2940 
.3059 
.3489 
.3368 
THIA 308 
323 
343 
753.7 
758.8 
763.0 
1.380 
1.373 
1.365 
.1735 
.1256 
.1260 
.2250 
.1869 
.1828 
Definitions: 
e12/k [=] °K 
a [=] 107 Bars*cm /mole2 
*12 interaction parameter for cross-energy term used in quadratic mixing rules 
Table B-3 
Energy Parameters for Butane Systems 
AVDW4 CSVDW PR 
-7 
Solute Temp ei2^k al2Xl° S 12 
PR2 
*12 
ANT 435 890.6 4.188 -.0723 -.1322 
455 917.7 4.278 -.1187 -.2334 
THIO 435 899.4 4.242 -.0303 -.0694 
455 916.4 4.293 -.0581 -.1092 
Definitions: 
e 1 2A [ = ] °K 
12 
12 
[=] 107 Bars-cm6/mole2 
= interaction parameter for cross~energy 
term used in quadratic mixing rules 
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Table B-4 
Energy Parameters for Ammonia Systems 
AVDW4 CSVDW PR PR2 
Solute Temp s^/k a^xio"7 612 «ia 
ANT 435 879.4 1.306 .1083 .0932 
455 879.5 1.295 .1215 .1056 
Definitions: 
e12/k [=] °K 
rj fi 9 
al2 t = ] 1 0 Bars-cm /mole 
<512 = interaction parameter for cross-energy 
term used in quadratic mixing rules 
121 
Table B-5 
Pure Solvent Parameters for AVDW4 
Solvent Temp b eii/k 
Carbon Dioxide 
Butane 
Ammonia 
Definitions: 
308 
323 
343 
14.6 
13.8 
13.7 
353.7 
338.4 
336.2 
435 
455 
415 
435 
39.1 
38.6 
9.91 
9.77 
483.8 
478.0 
462.4 
461.6 
en/k [ = ] °K 
Table B-6 
122 
Errors for the Carbon Dioxide Systems 
Absolute Average Deviation (xlOOfc) 
Solute Temp AVDW4 CSVDW PR PR2 
DBF 308 
323 
343 
20.0 
42.0 
28.2 
17.1 
45.1 
41.0 
14.5 
35.9 
27.6 
8.6 
41.1 
30.8 
DBF 308 
323 
343 
74.7 
43.6 
25.1 
12.0 
21.9 
59.6 
47.5 
73.5 
47.7 
31.1 
59.9 
37.0 
THIA 308 
323 
343 
44.5 
39.1 
29.7 
41.9 
45.2 
43.6 
65.1 
13.8 
15.4 
58.2 
14.7 
10.3 
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Table B-7 
Errors for the Butane Systems 
Absolute Average Deviation (xiOOK) 
Solute Temp AVDW4 CSVDW PR PR2 
ANT 435 14.0 25.4 27.2 21.7 
455 33.9 45.1 47.0 39.9 
THIO 435 15.6 26.3 27.8 23.3 
455 20.6 35.4 29.2 28.7 
Table B-8 
124 
Errors for the Ammonia Systems 
Absolute Average Deviation (xlOOfc) 
Solute Temp AVDW4 CSVDW PR PR2 
ANT 415 13.5 21.1 39.0 6.6 
435 19.7 40.7 20.2 16.0 
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Appendix C 
S o l u b i l i t y Computer Program 
1 2 6 
C*** THIS PROGRAM CALCULATES THE SOLUBILITY OF A SOLUTE IN A 
C**« PURE OR MIXED SUPERCRITICAL SOLVENT. THE ENHANCEMENT FACTOR, 
C*** WHICH IS THE RATIO OF THE SUPERCRITICAL SOLUBILITY TO THE 
C*** IDEAL SOLUBILITY, IS ALSO CALCULATED. WE ALSO SET UP DATA 
C*** FILES FOR USE BY OUR HP7470A PLOTTER. 
G*** 
C*** THIS PROGRAM I S SPECIFIC FOR USE WITH DATA FROM THE WET 
c * * * T E S T METER FILLED WITH WATER AND MEASURES IN CUBIC FEET. 
C 
PROGRAM SOLlA2(TAPE50,TAPE51,TAPE52,TAPE40,TAr^l,TAPE42, 
& TAPE43,TAPE44>TAPE45,TAPE46,TAPE47,TAPE48, 
& TAPE49,TAPE60,TAPE61,TAPE62,TAPE63,TAPE64) 
C 
C*** DIMENSIONALIZE ALL ARRAYS USED IN THE MAIN PROGRAM 
C 
DIMENSION PBR(IOO) ,RHOM3(10)
 f T ( 2 0 ) ,PATM0(100) ,RHO( 1 0 0 ) , 
& RHOY(100),PATM(100),PMPA(100),Y2(100),ALGY2(100),E(100), 
& RHOR(100),RHOM(100,20),PR(100) 
C 
C*** SET UP SEVEN COMMON BLOCKS FOR USE IN THE SUBROUTINES 
C 
COMM0N/SPT1/PATM, PMPA 
COMMON/SPT2/Y2, ALGY2,E,PR 
C!0MM0N/SPT3/RHO,RH0M,RH0Y,T,PATM0,RH0R 
CCMM0N/SPT4/NDAT 
C0MM0N/SPT5/FRAC, VGAS, PCATM, WT2 
COMM0N/SPT6/PSAT 
C0MM0N/SPT7/TSYS 
C0MM0N/SPT8/XMW1, XMW2 ,»W3 
C 
C*** USE TAPE50 TO READ IN PARAMETERS FOR THE PROGRAM 
C 
READ ( 5 0 , * ) NDAT 
READ ( 5 0 , * ) XMW1 
READ ( 5 0 , * ) XMW2 
READ ( 5 0 , * ) XMW3 
READ ( 5 0 , * ) FRAC 
READ ( 5 0 , * ) NSOL 
READ ( 5 0 , * ) VGAS 
READ ( 5 0 , * ) PCATM 
READ ( 5 0 , * ) TSYS 
READ ( 5 0 , * ) IFLAG 
READ ( 5 0 , * ) RHOC 
C 
C*** SET SYSTEM TEMPERATURE TO DEGREES KELVIN 
C 
TSYS = TSYS + 2 7 3 . 1 6 
C 
C*** SET UP ARITHMETIC GOTO FOR THE CALCULATION OF THE 
C*** SOLUTE'S SUBLIMATION PRESSURE 
C 
GO TO(1001,1002,1003,1004,1005,1006,1007,1008,1009,1010) ,NSOL 
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C 
C*** TAPE40 CONTAINS THE THREE CONSTANTS FOR ANTHRACENE TO BE USED 
C*** IN THE ANTOINE EQUATION 
C 
1001 READ (40,*) A,B,C 
IEQ = 1 
GO TO 2000 
C 
C*** TAPE41 CONTAINS THE THREE CONSTANTS FOR THIOXANTHONE TO BE USED 
C*** IN THE ANTOINE EQUATION 
C 
1002 READ (41,*) A,B,C 
IEQ = 1 
GO TO 2000 
C 
C*** TAPE42 CONTAINS THE THREE CONSTANTS FOR PHENAZINE TO BE USED 
C*** IN THE ANTOINE EQUATION 
C 
1003 READ (42,*) A,B,C 
IEQ = 1 
GO TO 2000 
C 
C*** TAPE43 CONTAINS THE THREE CONSTANTS FOR XANTHONE TO BE USED 
C*** IN THE ANTOINE EQUATION 
C 
1004 READ (43,*) A,B,C 
IEQ = 1 
GO TO 2000 
C 
C*** TAPE44 CONTAINS THE TWO CONSTANTS FOR DIBENZOFURAN TO BE USED 
C*** IN THE CLAUSIUS-CLAPEYRON EQUATION 
C 
1005 READ (44,*) A,B 
IEQ = 2 
GO TO 2000 
C 
C*** TAPE45 CONTAINS THE TWO CONSTANTS FOR DIBENZOTHIOPHENE TO BE 
C*** USED IN THE CLAUSIUS-CLAPEYRON EQUATION 
C 
1006 READ (45,*) A,B 
IEQ = 2 
GO TO 2000 
C 
C*** TAPE46 CONTAINS THE THREE CONSTANTS FOR THIANTHRENE TO BE USED 
C*** IN THE ANTOINE EQUATION 
C 
1007 READ (46,*) A,B,C 
IEQ = 1 
GO TO 2000 
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C 
C*** TAPE47 CONTAINS THE THREE CONSTANTS FOR DODECAHYDROTRIPHENYLENE 
C*** TO BE USED IN THE ANTOINE EQUATION 
C 
1008 READ (47,*) A,B,C 
IEQ = 1 
GO TO 2000 
C 
C*** TAPE48 CONTAINS THE THREE CONSTANTS FOR TRIPHENYLENE TO BE USED 
C*** IN THE ANTOINE EQUATION 
C 
1009 READ (48,*) A,B,C 
IEQ = 1 
GO TO 2000 
C 
C*** TAPE49 CONTAINS THE VAPOR PRESSURE FOR ACRIDINE AT 323 K 
C 
1010 READ (49,*) PSAT 
IEQ = 1 
GO TO 2001 
C 
C*** THIS SUBROUTINE CALCULATES THE SOLUTE'S VAPOR PRESSURE AT 
C*** SYSTEM TEMPERATURE USING THE PARAMETERS THAT ARE READ IN ABOVE 
C 
2000 CALL PVAP(A,B,C,IEQ) 
C 
C*** THIS SUBROUTINE CALCULATES THE PRESSURE CORRECTION, THE SOLUTE'S 
C*** MOLE FRACTION, AND THE ENHANCEMENT FACTOR 
C 
2001 CALL CALC 
C 
C*** HERE WE CHECK WHETHER DENSITY DATA FOR THE SOLVENT IS 
C*** AVAILABLE. IF IFLAG = 1 THEN WE READ DENSITY DATA FROM 
C*** TAPE52 AND IF 
C*** IFLAG = 0 THEN NO DENSITY DATA IS AVAILABLE 
C 
C 
C 
IF (IFLAG.EQ.l) THEN 
CALL READRO(RHOC) 
END IF 
C 
C*** THIS SUBROUTINE PRINTS OUT A TABLE OF RESULTS AND FILES 
C*** FOR USE WITH HP7470 PLOTTER 
C 
CALL PRIN 
C 
STOP 
END 
Q I C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
c 
C * * * IN THIS SUBROUTINE WE CALCULATE THE SUBLIMATION PRESSURE OF 
C * * * THE SOLUTE USING EITHER THE ANTOINE EQUATION OR THE 
C * * * CLAUSIUS-CLAPEYRON EQUATION 
C 
SUBROUTINE PVAP(A,B,C,IEQ) 
C 
C0MM0N/SPT6/PSAT 
C0I-WDN/SPT7/TSYS 
C 
C * * * I F IEQ = 1 THEN USE THE ANTOINE EQUATION AND I F 
C * * * IEQ = 2 THEN USE THE CTAUSIUS-CLAPEYRON EQUATION 
C 
C 
C 
C 
C 
C 
IF (IEQ.EQ.l) THEN 
PSAT = 10.**(A - (B/(C + T S Y S ) ) ) / 1 . 0 1 3 2 5 
ELSE I F (IEQ.EQ.2) THEN 
PSAT = 10.**(A - (B/TSYS)) /1 .01325 
END IF 
RETURN 
END 
C 
C*** THIS SUBROUTINE CONTAINS THE EQUTIONS FOR THE CALCULATION 
C*** OF THE WET TEST METER CORRECTION, THE PRESSURE CORRECTION, 
C * * * AND THE MOLE FRACTION O F THE SOLUTE 
C 
C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * **************************** 
SUBROUTINE CALC 
C 
DIMENSION PATM(IOO) ,FMPA(100) , Y 2 ( 1 0 0 ) , A L G Y 2 ( 1 0 0 ) , 
& E ( 1 0 0 ) , P R ( l O 0 ) 
C 
C0MM0N/SPT1/PATM,PMPA 
COMMON/SPT2/Y2 ,ALGY2, E,PR 
C0MMON/SPT4/NDAT 
C0MM0N/SPT5/FRAC, VGAS, PCATM, WT2 
C0MM0N/SPT6/PSAT 
C0MM0N/SPT8/XMW1, XMW2, XNW3 
C 
C** INITIALIZE THE WEIGHT FOR EACH COMPONENT 
C 
WT = 0 . 
WT1 = O. 
WT2 = O. 
WT3 = O. 
1 3 0 
C 
C*** PERFORM CALCULATIONS FOR EACH DATA POINT 
C 
DO 10 I=1,NDAT 
C 
C*** READ IN THE DATA FOR EACH POINT 
C 
READ (51,*) TWTM,PAMB,PWrM,PSIG,V,WT 
C 
TWTM = (TWTM - 32.)*5./9. 
TWTM = TWTM + 273.16 
PTOL = EXP(18.3036 - 3816.44/(TWTM - 46.13)) 
C 
C*** CALCULATE THE PRESSURE CORRECTION 
C 
PM = PAMB - PTOL + PWTM*1.8976 
CORR = (PM/760.)*(273.16/TWTM) 
C 
C*** CONVERT THE PRESSURE FROM PSIG TO ATMOSPHERES AND 
C*** MPA 
C 
PATM(I) = (PSIG + 1 4 . 6 9 6 ) / 1 4 . 6 9 6 
PMPA(I) = PATM(I)*0.101325 
C 
C*** CALCULATE THE MOLE FRACTION OF THE SOLUTE 
C 
FRACT = FRAC/U. - FRAC) 
V = V*C0RR*2.8317E+04 
C 
XM1 = V/VGAS 
XM2 = WT/XMW2 
WT1 = XM1*XMW1 
WT2 = WT + WT2 
WT3 = FRACT*WT1 
XM3 = WT3/XMW3 
C 
C 
C 
XMTOT = XM1 + XM2 + XM3 
Y2(I) = XM2/XMT0T 
ALGY2(I) = AL0G10(Y2(I)) 
E(I) = AL0G10(Y2(I)*PATM(I)/PSAT) 
10 PR(I) = PATM(I)/PCATM 
RETURN 
END 
Q * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
c 
C*»* THIS SUBROUTINE READS IN THE SOLVENT DENSITY DATA AND USES 
C*** QUADRATIC SPLINES TO FIT THE DATA FOR TEMPERATURE AND 
C*** PRESSURES USED IN THE EXPERIMENT 
C 
Q * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
SUBROUTINE READRO(RHOC) 
C 
DIMENSION RHOMS(20) ,YMTAB(20) ,XMTAB(100) ,RHO{100) ,RHOR(100), 
& RHOM(100,20),RHOY(100),T(20),PATMO(100),PBR(100), 
& PATM(IOO) ,PMPA(100) 
C 
COMMON/SPT1/PATM,PMPA 
COMM0N/SPT3/RH0, RHOM, RHOY, T, PATMO.RHOR 
CJOMMCN/SPT4/NDAT 
OOMMON/SPT7/TSYS 
0CMM0N/SPT8/XMW1, XMW2, XMW3 
READ (52 ,* ) NROW,NCOL 
C 
C 
DO 25 I=l,NCOL 
25 READ (52,*) T(I) 
C 
DO 22 J=1,NR0W 
READ (52,199) PATMO(J), (RHOM(J,I) ,I=l,NCOL) 
199 FORMAT(F6.1,7F9.2) 
22 CONTINUE 
C 
DO 24 J=l,NROW 
C 
DO 26 K=1,NC0L 
26 RHOMS(K) = 1./(RH0M(J,K)*XMW1) 
C 
CALL QSPLNS(T,RHOMS,XMTAB,NCOL) 
CALL QSPLNI(TSYS,RHOO,T,RHOMS,XMTAB,NCOL,1,0,IERR) 
C 
24 RHOY(J) = RHOO 
C 
DO 30 IN=1,NDAT 
C 
PBR(IN) = PMPA(IN)*10. 
C 
CALL QSP1^(PAT^,RH0Y,XMTAB,NR0W) 
CALL QSPLNI(PATM(IN) ,RHOX,PATM0,RHOY,XMTAB,NR0W,l,0,IERR) 
30 
C 
RHO(IN) = RHOX 
RHOR(IN) = RHO(IN)/RHOC 
RETURN 
END 
c********************************************************************* 
c 
C*** THE CRUNCHED DATA IS WRITTEN TO FILES FOR FURTHER USE IN THIS 
C*** SUBROUTINE 
C 
Q * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
SUBROUTINE PRIN 
C 
DIMENSION PBR(100),RHOMS(20),PTOL(lO0),TWM(lOO),PATM0(10O), 
& PATM(IOO) ,PMPA(10O) ,Y2(100) ,ALGY2(100) ,RHOR(100), 
& PR(IOO) ,RHO(100) ,RHOY(100) ,T(20) ,E(100) 
C 
COMMON/SPT1/PATM,PMPA 
COMM0N/SPT2/Y2, ALGY2, E , PR 
CCMM0N/SPT3/RH0,RH0M, RHOY, T, PATMO, RHOR 
C0MM0N/SPT4/NDAT 
C0MM0N/SPT5/FRAC, VGAS, PCATM, WT2 
CCMM0N/SPT6/PSAT 
C0MM0N/SPT7/TSYS 
C0MM0N/SPT8/XMW1 ,XMW2 ,XMW3 
C 
C*** PRINT CUT RESULTS IN TABLE FORM TO TAPE60 
C 
WRITE (60 ,100) XMW1,XMW2,XMW3 
WRITE (60 ,101) 
WRITE (60 ,102) (PMPA(I) ,PR(I ) ,Y2(I ) ,ALGY2(I ) ,E(I ) , 
& RH0(I),I=1,NDAT) 
WRITE (60 ,103) WT2 
WRITE (60 ,104) PSAT 
TSYS = TSYS - 2 7 3 . 1 6 
WRITE (60 ,105) TSYS 
C 
C*** SEND THE MOLE FRACTION SOLUTE VS. PRESSURE (BARS) RESULTS 
C*** TO TAPE61 
C 
DO 1201 I=1,NDAT 
PBR(I) = PMPA(I)*10. 
1201 WRITE (61,*) Y2(I) ,PBR(I) 
WRITE (61,200) 
C 
C*** SEND THE ENHANCEMENT FACTOR VS. DENSITY RESULTS 
C*** TO TAPE62 
C 
DO 1301 I=1,NDAT 
1301 WRITE (62,*) E(I),RHO(I) 
WRITE (62,201) 
C 
C*** SEND THE LOG SOLUBILITY VS. DENSITY RESULTS TO 
C*** TAPE63 
C 
DO 1401 I=1,NDAT 
1401 WRITE (63,*) ALGY2(I) ,RHO(I) 
WRITE (63,202) 
C*** SEND THE LOG ENHANCEMENT FACTOR VS. REDUCED DENSITY 
C*** RESULTS TO TAPE64 
C 
DO 1501 I=1,NDAT 
1501 WRITE ( 6 4 , * ) E(I),RHOR(I) 
WRITE ( 6 4 , 2 0 3 ) 
C 
100 F0RMAT(" MW1 = " , F 7 . 3 , / , " MW2 = " , F 7 . 3 , / , " MW3 = " , F 7 . 3 , / ) 
101 FORMAT(/," PRESSURE(MPA)",1X," PRESSURE(RED)",3X," 
& SOLUBILITY", 3X,"L0G SOLUBILITY",2X, 
& " ENHANCEMENT",2X, "DENSITY(MOL/CC)",/) 
102 F0RMAT(2G15.8,G13.6,3X,3G15.8) 
103 FORMAT(/," TOTAL WEIGHT OF SOLUTE IS ",F7.4,"GRAMS",//) 
104 FORMAT(" THE VAPOR PRESSURE I S " , 6 1 5 . 8 , " ATM",//) 
105 FORMAT(" THE SYSTEM TEMPERATURE IS " , F 6 . 2 , " CELSIUS.") 
200 F0RMAT(/,"S0LUBILITY(Y2) VS PRESSURE (BARS)") 
201 F0RMAT(/,"L0G ENHANCEMENT FACTOR VS DENSITY(M0L/OC)") 
202 FORMAT(/,"LOG SOLUBILITY VS DENSITY(MOL/CC)") 
203 FORMAT(/,"LOG ENHANCEMENT FACTOR VS REDUCED DENSITY") 
C 
RETURN 
END 
134 
Appendix D 
Sample Solubility Calculation 
135 
A = e c x , 
where A = absorbance, 
e = absorption coefficient [=1 ml/(gm*cm), 
c = concentration [=] gm/ml, and 
x = pathlength [=] cm. 
Vx = Wtj/p , 
where Vj = volume of solution collected [=] cm3, 
Wtj = mass of sample collected [=] gm, and 
p = ambient solvent density [=] gm/cm3. 
yDIL _ vFL - Vj , 
where v D I L = volume of dilution and 
VFIi = volume of volumetric flask used. 
VTOT _ yDIL + XF*XDIL 
where v T 0 T = the adjusted volume of dilution, 
XF = N-l parts of X D I L, i.e. if XDIL=100 and 
a 5 ml sample of V D I L is added to the 
second flask the XF=19, and 
XDIIi = volume of second dilution. 
Wt2 = A VTOT/ e f 
where Wt2 - mass of solute in collected sample. 
N2 = Wt2/MW2 , 
where N2 = number of moles of solute collected and 
MW2 = molecular weight of the solute. 
Nl ~ Wt1/MW1 , 
where Nj and MWj are s i m i l a r l y defined for the 
s o l v e n t . 
136 
Finally, we get 
Y2 « N2/N! 
where y2 = mole fraction of solute in the 
collected sample solution. 
Nota Bene: This assumption is valid because Nj»N2. 
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